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ABSTRACT. These are the lecture notes for the course MTH 415, Applied Linear Algebra,
a one semester class taught in 2009-2012. These notes present a basic introduction to
linear algebra with emphasis on few applications. Chapter[I]introduces systems of linear
equations, the Gauss-Jordan method to find solutions of these systems which transforms
the augmented matrix associated with a linear system into reduced echelon form, where
the solutions of the linear system are simple to obtain. We end the Chapter with two ap-
plications of linear systems: First, to find approximate solutions to differential equations
using the method of finite differences; second, to solve linear systems using floating-point
numbers, as happens in a computer. Chapter 2] reviews matrix algebra, that is, we in-
troduce the linear combination of matrices, the multiplication of appropriate matrices,
and the inverse of a square matrix. We end the Chapter with the LU-factorization of a
matrix. Chapter Bl reviews the determinant of a square matrix, the relation between a
non-zero determinant and the existence of the inverse matrix, a formula for the inverse
matrix using the matrix of cofactors, and the Cramer rule for the formula of the solu-
tion of a linear system with an invertible matrix of coefficients. The advanced part of
the course really starts in Chapter @] with the definition of vector spaces, subspaces, the
linear dependence or independence of a set of vectors, bases and dimensions of vector
spaces. Both finite and infinite dimensional vector spaces are presented, however finite
dimensional vector spaces are the main interest in this notes. Chapter [0l presents linear
transformations between vector spaces, the components of a linear transformation in a
basis, and the formulas for the change of basis for both vector components and transfor-
mation components. Chapter [0l introduces a new structure on a vector space, called an
inner product. The definition of an inner product is based on the properties of the dot
product in R™. We study the notion of orthogonal vectors, orthogonal projections, best
approximations of a vector on a subspace, and the Gram-Schmidt orthonormalization
procedure. The central application of these ideas is the method of least-squares to find
approximate solutions to inconsistent linear systems. One application is to find the best
polynomial fit to a curve on a plane. Chapter[Blintroduces the notion of a normed space,
which is a vector space with a norm function which does not necessarily comes from an
inner product. We study the main properties of the p-norms on R™ or C", which are
useful norms in functional analysis. We briefly discuss induced operator norms. The last
Section is an application of matrix norms. It discusses the condition number of a matrix
and how to use this information to determine ill-conditioned linear systems. Finally,
Chapter [@ introduces the notion of eigenvalue and eigenvector of a linear operator. We
study diagonalizable operators, which are operators with diagonal matrix components
in a basis of its eigenvectors. We also study functions of diagonalizable operators, with
the exponential function as a main example. We also discuss how to apply these ideas
to find solution of linear systems of ordinary differential equations.

Date: July 15, 2012, gnagy@math.msu.edu.
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OVERVIEW

Linear algebra is a collection of ideas involving algebraic systems of linear equations,
vectors and vector spaces, and linear transformations between vector spaces.

Algebraic equations are called a system when there is more than one equation, and they
are called linear when the unknown appears as a multiplicative factor with power zero or one.
An example of a linear system of two equations in two unknowns is given in Eqgs. (IL3)-(L4)
below. Systems of linear equations are the main subject of Chapter [l

Examples of vectors are oriented segments on a line, plane, or space. An oriented segment
is an ordered pair of points in these sets. Such ordered pair can be drawn as an arrow that
starts on the first point and ends on the second point. Fix a preferred point in the line, plane
or space, called the origin point, and then there exists a one-to-one correspondence between
points in these sets and arrows that start at the origin point. The set of oriented segments
with common origin in a line, plane, and space are called R, R? and R3?, respectively.
A sketch of vectors in these sets can be seen in Fig. I Two operations are defined on
oriented segments with common origin point: An oriented segment can be stretched or
compressed; and two oriented segments with the same origin point can be added using the
parallelogram law. An addition of several stretched or compressed vectors is called a linear
combination. The set of all oriented segments with common origin point together with this
operation of linear combination is the essential structure called vector space. The origin of
the word “space” in the term “vector space” originates precisely in these examples, which
were associated with the physical space.

FicURE 1. Example of vectors in the line, plane, and space, respectively.

Linear transformations are a particular type of functions between vector spaces that
preserve the operation of linear combination. An example of a linear transformation is a
2 x 2 matrix A = [ kY ?J together with a matrix-vector product that specifies how this matrix
transforms a vector on the plane into another vector on the plane. The result is thus a
function A : R? — R2.

These notes try to be an elementary introduction to linear algebra with few applications.

Notation and conventions. We use the notation F € {R,C} to mean that F = R or
F = C. Vectors will be denoted by boldface letters, like u and v. The exception are a
column vectors in F™ which are denoted in sanserif, like u and v. This notation permits
to differentiate between a vector and its components on a basis. In a similar way, linear
transformations between vector spaces are denoted by boldface capital letters, like T and
S. The exception are matrices in F™" which are denoted by capital sanserif letters like A
and B. Again, this notation is useful to differentiate between a linear transformation and its
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components on two bases. Below is a list of few mathematical symbols used in these notes:

R Set of real numbers, @Q Set of rational numbers,
Z Set of integer numbers, N  Set of positive integers,
{0}  Zero set, () Empty set,
U Union of sets, N Intersection of sets,
:= Definition, = Implies,
vV  For all, 3 There exists,
Proof Beginning of a proof, 0O End of a proof,
Example Beginning of an example, <1 End of an example.

Acknowledgments. I thanks all my students for pointing out several misprints and for
helping make these notes more readable. I am specially grateful to Zhuo Wang and Wenning
Feng.
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CHAPTER 1. LINEAR SYSTEMS

1.1. ROW AND COLUMN PICTURES

1.1.1. Row picture. A central problem in linear algebra is to find solutions of a system of
linear equations. A 2 x 2 linear system consists of two linear equations in two unknowns.
More precisely, given the real numbers Ay1, A1, A1, Aso, by, and by, find all numbers x
and y solutions of both equations

Allfﬂ + Algy = bl, (11)
A21.’IJ + A22y = b2. (12)

These equations are called a system because there is more than one equation, and they are
called linear because the unknowns, x and y, appear as multiplicative factors with power
zero or one (for example, there is no term proportional to z2 or to 4®). The row picture of
a linear system is the method of finding solutions to this system as the intersection of all
solutions to every single equation in the system. The individual equations are called row
equations, or simply rows of the system.

ExamMpLE 1.1.1: Find all the numbers x and y solutions of the 2 x 2 linear system
2z —y =0, (1.3)
—z+2y =3. (1.4)

SoLUTION: The solution to each row of the system above is found geometrically in Fig. 2l

y second row
2y = x+3
first row
y =2X
A2

/3 + + ]1- + + <

FI1GURE 2. The solution of a 2 x 2 linear system in the row picture is the
intersection of the two lines, which are the solutions of each row equation.

Analytically, the solution can be found by substitution:
r=1
2c0 —y=0 = y=2xr = -—-zz+4dr=3 = {y—?

<

An interesting property of the solutions to any 2 x 2 linear system is simple to prove
using the row picture, and it is the following result.

Theorem 1.1.1. Given any 2 X 2 linear system, only one of the following statements holds:

(i) There exists a unique solution;
(ii) There exist infinitely many solutions;
(iti) There exists no solution.
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It is interesting to remark what cannot happen, for example there is no 2 x 2 linear system
having only two solutions. Unlike the quadratic equation 22 — 52 + 6 = 0, which has two
solutions given by = 2 and « = 3, a 2 x 2 linear system has only one solution, or infinitely
many solutions, or no solution at all. Examples of these three cases, respectively, are given
in Fig. Bl

FIGURE 3. An example of the cases given in Theorem [[TT] cases ()- [Zd).

Proof of Theorem [I.1.1F The solutions of each equation in a 2 x 2 linear system represents
a line in R?. Two lines in R? can intersect at a point, or can be coincident, or can be parallel
but not coincident. These are the cases given in ([{)-(i). This establishes the Theorem. [J

We now generalize the definition of a 2 x 2 linear system given in the Example [[LT.] to
m equations of n unknowns.

Definition 1.1.2. An m x n linear system is a set of m > 1 linear equations in n > 1
unknowns is the following: Given the coefficients numbers A;; and the source numbers b;,
withi=1,--- ,m and j =1,---n, find the real numbers =; solutions of

Aney + -+ Ape, = by

Apixy + -+ Apn®n, = by,

Furthermore, an m x n linear system is called consistent iff it has a solution, and it is
called inconsistent iff it has no solutions.

ExAMPLE 1.1.2: Find all numbers z1, 2 and x3 solutions of the 2 x 3 linear system
T+ 2x0 + 23 =1

—3.%‘1 — T — 8$3 =2 (15)

SoLuTION: Compute 1 from the first equation, 1 = 1 — 2z9 — x3, and substitute it in the
second equation,

—3(1—2z9—a3)—22—8r3=2 = DbBryg—brg=5 = wx3=1+4ux3.
Substitute the expression for x5 in the equation above for z;, and we obtain
x1=1-2(1+x3)—23=1—-2—-2w3—23 = x1=—1-—3z3.

Since there is no condition on x3, the system above has infinitely many solutions paramet-
rized by the number x3. We conclude that z; = —1 — 3x3, and x5 = 1 + x3, while x3 is free.
<
ExampLE 1.1.3: Find all numbers x1, 2 and x3 solutions of the 3 x 3 linear system

21 +x90 +x3 =2

—x1+ 229 =1 (1.6)
T — T + 2x3 = —2.
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ot

SoLUTION: While the row picture is appropriate to solve small systems of linear equations,
it becomes difficult to carry out on 3 x 3 and bigger linear systems. The solution z1, z2, x3
of the system above can be found as follows: Substitute the second equation into the first,

r1=—1422, = x3=2-201—22=2+2—4x9—219 = x3=4—bxy;
then, substitute the second equation and xz3 = 4 — bx5 into the third equation,
(—1+2$2)—$2+2(4—5$2>:—2 = xz0=1,

and then, substituting backwards, x1 = 1 and z3 = —1. We conclude that the solution is a
single point in space given by (1,1, —1). <

The solution of each separate equation in the examples above represents a plane in R3. A
solution to the whole system is a point that belongs to the three planes. In the 3 x 3 system
in Example[[.T.3labove there is a unique solution, the point (1,1, —1), which means that the
three planes intersect at a single point. In the general case, a 3 x 3 system can have a unique
solution, infinitely many solutions or no solutions at all, depending on how the three planes
in space intersect among them. The case with unique solution was represented in Fig. Ml
while two possible situations corresponding to no solution are given in Fig. Bl Finally, two
cases of 3 x 3 linear system having infinitely many solutions are pictured in Fig Gl where in
the first case the solutions form a line, and in the second case the solutions form a plane
because the three planes coincide.

FIGURE 4. Planes representing the solutions of each row equation in a 3 x 3
linear system having a unique solution.

/ d

F1GURE 5. Two cases of planes representing the solutions of each row equa-
tion in 3 x 3 linear systems having no solutions.

Solutions of linear systems with more than three unknowns can not be represented in the
three dimensional space. Besides, the substitution method becomes more involved to solve.
As a consequence, alternative ideas are needed to solve such systems. We now discuss one
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FI1GURE 6. Two cases of planes representing the solutions of each row equa-
tion in 3 x 3 linear systems having infinitely many solutions.

of such ideas, the use of vectors to interpret and find solutions of linear systems. In the next
Section we introduce another idea, the use of matrices and vectors to solve linear systems
following the Gauss-Jordan method. This latter procedure is suitable to solve large systems
of linear equations in an efficient way.

1.1.2. Column picture. Consider again the linear system in Eqs. (I3)-(L4) and introduce

a change in the names of the unknowns, calling them z; and zs instead of z and y. The
problem is to find the numbers x1, and x5 solutions of

2331 — X2 = O7 (17)

—x1 + 229 = 3. (1.8)

We know that the answer is 1 = 1, xo = 2. The row picture consisted in solving each row

separately. The main idea in the column picture is to interpret the 2 x 2 linear system as
an addition of new objects, column vectors, in the following way,

[_ﬂ o1+ {_ﬂ o = [g} . (1.9)

The new objects are called column vectors and they are denoted as follows,

w=[ 2] m= [ e[l

We can represent these vectors in the plane, as it is shown in Fig. [l

FI1GURE 7. Graphical representation of column vectors in the plane.

The column vector interpretation of a 2 x 2 linear system determines an addition law
of vectors and a multiplication law of a vector by a number. In the example above, we



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 7

know that the solution is given by x; = 1 and xo = 2, therefore in the column picture
interpretation the following equation must hold

) [l= [

The study of this example suggests that the multiplication law of a vector by numbers and
the addition law of two vectors can be defined by the following equations, respectively,

) e R R R e

The study of several examples of 2 x 2 linear systems in the column picture determines the
following definition.

Definition 1.1.3. The linear combination of the 2-vectors u = [Zl} and v = [51} , with
2 2

the real numbers a and b, is defined as follows,
Uy vi| _ |aug +bvy
“ [uz] +b |:1}2:| a ng + b02:| ’
A linear combination includes the particular cases of addition (a = b = 1), and multipli-
cation of a vector by a number (b = 0), respectively given by,

+ - ) a = .
U2 V2 Ug + Vo U9 aus
The addition law in terms of components is represented graphically by the parallelogram
law, as it can be seen in Fig. Bl The multiplication of a vector by a number a affects the
length and direction of the vector. The product au stretches the vector u when a > 1 and
it compresses u when 0 < a < 1. If a < 0 then it reverses the direction of u and it stretches
when a < —1 and compresses when —1 < a < 0. Fig. Rlrepresents some of these possibilities.

Notice that the difference of two vectors is a particular case of the parallelogram law, as it
can be seen in Fig. [0

2 V+W

aV
a>1
-V
(v+w) v a=-1
2
aVv
0<a<1 /
X,

F1GURE 8. The addition of vectors can be computed with the parallelogram
law. The multiplication of a vector by a number stretches or compresses
the vector, and changes it direction in the case that the number is negative.

(v+w) N

The column picture interpretation of a general 2 x 2 linear system given in Eqs. (LI)-(L2)
is the following: Introduce the coefficient and source column vectors

_ A _ A2 b
Al—{AQJ, Ag—[AQQ], b_[bz], (1.10)



8 G. NAGY - LINEAR ALGEBRA juLy 15, 2012

»
L

w -W w

F1GURE 9. The difference of two vectors is a particular case of the paral-
lelogram law of addition of vectors.

and then find the coefficients x7 and x5 that change the length of the coefficient column
vectors A; and Ay such that they add up to the source column vector b, that is,

Aizy +Asxze =b.

For example, the column picture of the linear system in Eqs. (I)-(L8) is given in Eq. (3]).
The solution of this system are the numbers ;7 = 1 and zo = 2, and this solution is
represented in Fig. [I0

2A,

Xy -2 -1 Xy

FIGURE 10. Representation of the solution of a 2 x 2 linear system in the
column picture.

The existence and uniqueness of solutions in the case of 2 x 2 systems can be studied
geometrically in the column picture as it was done in the row picture. In the latter case we
have seen that all possible 2 x 2 systems fall into one of these three cases, unique solution,
infinitely many solutions and no solutions at all. The proof was to study all possible ways
two lines can intersect on the plane. The same existence and uniqueness statement can
be proved in the column picture. In Fig. [Tl we present these three cases in both row and
column pictures. In the latter case the proof is to study all possible relative positions of the
column vectors A;, Ay, and b on the plane.

We see in Fig. [[1l that the first case corresponds to a system with unique solution. There
is only one linear combination of the coefficient vectors A; and A; which adds up to b. The
reason is that the coefficient vectors are not proportional to each other. The second case
corresponds to the case of infinitely many solutions. The coefficient vectors are proportional
to each other and the source vector b is also proportional to them. So, there are infinitely
many linear combinations of the coefficient vectors that add up to the source vector. The last
case corresponds to the case of no solutions. While the coefficient vectors are proportional to
each other, the source vector is not proportional to them. So, there is no linear combination
of the coefficient vectors that add up to the source vector.
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Ayl

FI1GURE 11. Examples of a solutions of general 2 x 2 linear systems having
a unique, infinitely many, and no solution, represented in the row picture
and in the column picture.

The ideas in the column picture can be generalized to m x n linear equations, which gives
rise to the generalization to m-vectors of the definitions of linear combination presented
above.

Ui U1

Definition 1.1.4. The linear combination of the m-vectorsu = | : | and v =

with the real numbers a, b is defined as follows
Uy v auy + bvy
al | +b| | = :
U, U al,, + bu,

This definition can be generalized to an arbitrary number of vectors. Column vectors
provide a new way to denote an m X n system of linear equations.

Definition 1.1.5. An m X n linear system of m > 1 linear equations in n > 1 unknowns
is the following: Given the coefficient m-vectors A1, - -+ , A, and the source m-vector b, find
the real numbers x1,- - ,x, solution of the linear combination

A1$1++An.’tn:b

For example, recall the 3 x 3 system given as the second system in Eq. (LG]). This system
in the column picture is the following: Find numbers x1, 22 and z3 such that

2 1 1 2
—1| 21+ 2| x99+ |0] z3 = 1. (111)
1 -1 2 -2

These are the main ideas in the column picture. We will see later that linear algebra
emerges from the column picture. In the next Section we introduce the Gauss-Jordan
method, which is a procedure to solve large systems of linear equations in an efficient way.

Further reading. For more details on the row picture see Section 1.1 in Lay’s book [2].
There is a clear explanation of the column picture in Section 1.3 in Lay’s book [2]. See also
Section 1.2 in Strang’s book [4] for a shorter summary of both the row and column pictures.
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1.1.3. Exercises.

1.1.1.- Use the substitution method to find
the solutions to the 2 x 2 linear system

2z —y =1,
r+y=>5.

1.1.2.- Sketch the three lines solution of
each row in the system

r+2y=2
r—y=2
y=1.

Is this linear system consistent?

1.1.3.- Sketch a graph representing the so-
lutions of each row in the following non-
linear system, and decide whether it
has solutions or not,

2% + y2 =4
z—y=0.
1.1.4.- Graph on the plane the solution of

each individual equation of the 3 x 2 lin-
ear system system

3z —y =0,
T+ 2y =4,
-z +y=-2

and determine whether the system is
consistent or inconsistent.

1.1.5.- Show that the 3 x 3 linear system

r+y+z=2,
T+ 2y+3z=1,
y+2z=0,

is inconsistent, by finding a combination
of the three equations that ads up to the
equation 0 = 1.

1.1.6.- Find all values of the constant k
such that there exists infinitely many
solutions to the 2 x 2 linear system

kx +2y =0,

k
1:+§y7().

1.1.7.- Sketch a graph of the vectors

=l wef] [

Is the linear system Ajxi 4+ Azza = b
consistent? If the answer is “yes,” find
the solution.

1.1.8.- Consider the vectors

]

(a) Graph the vectors A1, A2 and b on
the plane.

(b) Is the linear system Aiz14+Asz2 = b
consistent?

¢) Given the vector ¢ = 6 , is the
3

linear system Ajx1 4+ A2x2 = ¢ con-
sistent? If the answer is “yes,” is
the solution unique?

1.1.9.- Consider the vectors

m=l)s =1

and given a real number h, set ¢ = [i]
Find all values of h such that the system
A1z1 + Asxo = c is consistent.

1.1.10.- Show that the three vectors below
lie on the same plane, by expressing the
third vector as a linear combination of
the first two, where

1 1 1
A= [1], As= 2], As= |3
0 1 2

Is the linear system
Aiz1 + A2z + Agzz =0

consistent? If the answer is “yes,” is the
solution unique?
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1.2. GAUSS-JORDAN METHOD

1.2.1. The augmented matrix. Solutions to m X n linear systems can be obtained in
an efficient way using the Gauss-Jordan method. Efficient here means to perform as few
algebraic operations as possible either to find the solution or to show that the solution does
not exist. Before introducing this method, we need several definitions.

Definition 1.2.1. The coefficients matriz, the source vector, and the augmented
matric of the m X n linear system

Anzi + -+ Aipzn = by

Amlxl +--+ Amnxn = bm7

are given by, respectively,

Ay - Ay, b
A o Agg b1 B 1 1

b= 1], [Ab]=

A= :

Aml e Amn bm

We call A an m x n matrix, with m the number of rows and n the number of columns.
The source vector b is a particular case of an m x 1 matrix. The augmented matrix of an
m X n linear system is given by the coefficient matrix and the source vector together, hence
it is an m x (n + 1) matrix.

ExAMPLE 1.2.1: Find the coefficient matrix, the source vector and the augmented matrix
of the 2 x 2 linear system

2$1 — T = O, (112)

—x1 + 2x9 = 3. (1.13)

SOLUTION: The coefficient matrix is 2 x 2, the source vector is 2 x 1, and the augmented
matrix is 2 X 3, given respectively by

A= [21 21} . b= m . [Ab] = {_21 ) g} . (1.14)
<
ExAMPLE 1.2.2: Find the coefficient matrix, the source vector and the augmented matrix
of the 2 x 3 linear system
2x1 —x9 =0,
—x1 + 229 + 323 = 0.

SOLUTION: The coefficient matrix is 2 x 3, the source vector is 2 x 1, and the augmented
matrix is 2 x 4, given respectively by

2 -1 0 0 2 -1 0 0
A_[l 2 3} b_M’ [Ab}_[—l 2 3 0}'
Notice that the coefficent matrix in this example is equal to the augmented matrix in the
previous Example. This means that the vertical separator in the definition of the augmented



12 G. NAGY - LINEAR ALGEBRA JjuLy 15, 2012

matrix is important. If one does not write down the vertical separator in Example [.2.7],
then one is actually working on the system in Example [1.2.2] <

We also use the alternative notation A = [A;;] to denote a matrix with components A;;,
and b = [b;] to denote a vector with components b;, where i =1,--- ;/mand j =1,--- ,n.

Definition 1.2.2. The diagonal of an m x n matriz A = [A;;] is the set of all coefficients
Aji fori=1,---,m. A matriz is upper triangular iff every coefficient below the diagonal
vanishes, and lower triangular iff every coefficient above the diagonal vanishes.

ExampLE 1.2.3: Highlight the diagonal coefficients in 3 x 3, 2 x 3 and 3 X 2 matrices.

SOLUTION: The diagonal coefficients in the 3 x 3, 2 x 3 and 3 x 2 matrices below are
highlighted in green, where the coefficients with * denote non-diagonal coefficients:

Al 1 * * A % % All *
* Agp * ' * Ao
* AQQ *
k * A33 k k

<

ExamMpLE 1.2.4: Write down the most general 3 x 3, 2 x 3 and 3 x 2 upper triangular
matrices, highlighting the diagonal elements.

SOLUTION: The following matrices are upper triangular:

All * * All *
A11 * *
0 A x|, { 0 Ay *} ) 0 A
0 0 Ass 0 0

<

1.2.2. Gauss elimination operations. The Gauss-Jordan Method is a procedure per-
formed on the augmented matrix of a linear system. It consists on a sequence of operations,
called Gauss elimination operations, that change the augmented matrix of the system but
they do not change the solutions of the system. The Gauss elimination operations were
already known in China around 200 BC. We call them after Carl Friedrich Gauss, since he
made them very popular around 1810, when he used them to study the orbit of the asteroid
Pallas, giving a systematic method to solve a 6 x 6 algebraic linear system.

Definition 1.2.3. The Gauss elimination operations are three operations on a matriz:

(i) To add a multiple of one row to another row;
(i) To interchange two Tows;
(iii) To multiply a row by a non-zero number.

These operations are respectively represented by the symbols given in Fig. 12

= =h

FIGURE 12. A representation of the Gauss elimination operations (I), ()
and (), respectively.

REMARK: If the factor in operation (i) is allowed to be zero, then multiplying an equation
by zero modifies the solutions of the original system, since such operation on an equation is
equivalent to erase that equation from the system. This explains why the factor in operation
() is constrained to be non-zero.
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The Gauss elimination operations change the coefficients of the augmented matrix of a
system but do not change its solution. Two systems of linear equations having the same
solutions are called equivalent. The Gauss-Jordan Method is an algorithm using these
operations that transforms any linear system into an equivalent system where the solutions
are given explicitly. We describe the Gauss-Jordan Method only through examples.

ExaMmpLE 1.2.5: Find the solution of the 2 x 2 linear system with augmented matrix given
in Eq. (I4)) using Gauss operations.

2 -1 0 2 -1 0 2 -1 0
— — —
-1 2 3 -2 4 6 0 3 6
2 -1 0 _ 20 2 _ 10 1

0 1 2 0 1 2 0 1 20"

The Gauss operations have changed the augmented matrix of the original system as follows:
2 -1 0 . 1 0 1
-1 2 3 0 1 2|

Since the Gauss operations do not change the solution of the associated linear systems,
the augmented matrices above imply that the following two linear systems have the same

solutions,
2$17I2:O, 1‘1:17
=
—x1 + 219 = 3. To = 2.
On the last system the solution is given explicitly, z; = 1, x5 = 2, since no additional
algebraic operations are needed to find the solution. <

SOLUTION:

A precise way to define the notion of an augmented matrix corresponding to a linear
system with solutions “easy to read” is captured in the notions of echelon form of a matrix,
and reduced echelon form of a matrix. Next Section is dedicated to present these notions
in some detail.

1.2.3. Square systems. In the rest of this Section we study a particular type of linear
systems having the same number of equations and unknowns.

Definition 1.2.4. An m X n linear system is called a square system iff holds that m = n.

An example of a square system is the 2 x 2 linear system in Eqs. (LI2)-(TI3). In the
rest of this Section we introduce the Gauss operations and back substitution method to find
solutions to square linear systems. We later on compare this method with the Gauss-Jordan
Method restricted to square linear systems.

We start using Gauss operations and back substitution to find solutions to square n x n
linear systems. This method has two main parts: First, use Gauss operations to transform
the augmented matrix of the system into an upper triangular form. Second, use back
substitution to compute the solution to the system.

ExaMpPLE 1.2.6: Use the Gauss operations and back substitution to solve the 3 x 3 system
201 +x9 + 13 =2
—x1+ 210 =1
T, — To + 203 = —2.

SOLUTION: We have already seen in Example [[LT.3] that the solution of this system is given
by 1 = zo = 1, x3 = —1. Let us find that solution using Gauss operations with back
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substitution. First transform the augmented matrix of the system into upper triangular
form:

2 1 1 2 1 -1 2 -2 1 -1 2 -2
-1 2 0 1{—-1-1 2 0 11 —=10 1 2 -1
1 -1 2 -2 2 1 1 2 0o 3 -3 6

1 -1 2 —2 1 -1 2 -2

0 1 2 -1 —=10 1 2 -1

0 0 -9 9 0 0 1 -1

We now write the linear system corresponding to the last augmented matrix,

2x1 — x9 + 223 = —2

To + 2x3 = —1

I3 = —1.
We now use the back substitution to obtain the solution, that is, introduce x3 = —1 into
the second equation, which gives us xo = 1. Then, substitute r3 = —1 and x5 = 1 into the
first equation, which gives us z; = 1. <

We now use the Gauss-Jordan Method to find solutions to square n X n linear systems.
This is a minor modification of the Gauss operations and back substitution method. The
difference is that now we do not stop doing Gauss operations when the augmented matrix
becomes upper triangular. We keep doing Gauss operations in order to make zeros above
the diagonal. Then, back substitution will no be needed to find the solution of the linear
system. The solution will be given explicitly at the end of the procedure.

ExampLE 1.2.7: Use the Gauss-Jordan method to solve the same 3 x 3 linear system as in
Example [L2.6] that is,

201 +x9 +x3 =2
—x1+ 2z =1
$1—$2+2$3:—2.

SoLuTION: In Example [L2.6] we performed Gauss operations on the augmented matrix of
the system above until we obtained an upper triangular matrix, that is,

2 1 1 2 1 -1 2 —2
-1 2 0 11— |0 1 2 -1
1 -1 2 —2 0 0 1 -1
The idea now is to continue with Gauss operations, as follows:
1 -1 2 | -2 104 | -3 100 1 z1 =1,
0 1 2 -1 = |0 1 2 -1 —]0 1 0 1] = (z=1,
0 0 1 | -1 001 | -1 001 | -1 2y = —1.

In the last step we do not need to do back substitution to compute the solution. It is
obtained without doing any further algebraic operation. <

Further reading. Almost every linear algebra book describes the Gauss-Jordan method.
See Section 1.2 in Lay’s book [2] for a summary of echelon forms and the Gauss-Jordan
method. See Sections 1.2 and 1.3 in Meyer’s book [3] for more details on Gauss elimination
operations and back substitution. Also see Section 1.3 in Strang’s book [4].
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1.2.4. Exercises.

1.2.1.- Use Gauss operations and
back substitution to find the
solution of the 3 x 3 linear sys-
tem

1+ 22+ 23 =1,
T + 222 + 223 =1,
x1 + 229 + 3x3 = 1.

1.2.2.- Use Gauss operations and
back substitution to find the
solution of the 3 x 3 linear sys-
tem

2%1 — 31‘2 = 3,
4x1 — Hxa +x3 =7,
21‘1 — T2 — 3{E3 =5.
1.2.3.- Find the solution of the

following linear system with
Gauss-Jordan’s method,

4LE2 — 3:133 = 37
—x1 + Txa — das = 4,
—x1 + 8xo — 6x3 = 5.

1.2.4.- Find the solutions to the following two linear

systems, which have the same matrix of coefficient
A but different source vectors by and bs, given
respectively by,
4x; — 8x2 + bz =1, 4x1 — 8x2 + bxs =0,
4xy — Txo + 43 = 0, dxy — Txo + 43 = 1,
3x1 —4xo + 223 = 0, 3x1 — 4xo + 2x3 = 0.
Solve these two systems at one time using the

Gauss-Jordan method on an augmented matrix
of the form [A|b;|b2].

1.2.5.- Use the Gauss-Jordan method to solve the fol-

lowing three linear systems at the same time,

21‘171‘2:1, :0, :0,
—x1 + 2x2 —x3 =0, =1, =0,
—xo +x3 =0, =0, =1.
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1.3. ECHELON FORMS

1.3.1. Echelon and reduced echelon forms. The Gauss-Jordan method is a procedure
that uses Gauss operations to transform the augmented matrix of an m x n linear system
into the augmented matrix of an equivalent system whose solutions can be found without
performing further algebraic operations. A precise way to define the notion of a linear system
with solutions that can be found without doing further algebraic operations is captured in
the notions of echelon form and reduced echelon form of its augmented matrix.

Definition 1.3.1. An m x n matriz is in echelon form iff the following conditions hold:

(i) The zero rows are located at the bottom rows of the matriz;
(ii) The first non-zero coefficient on a row is always to the right of the first non-zero
coefficient of the row above it.

The pivot coefficient is the first non-zero coefficient on every non-zero row in a matriz in
echelon form.

ExAMPLE 1.3.1: The 6 x 8, 3 x 5 and 3 x 3 matrices given below are in echelon form, where
pivots are highlighted and the * means any non-zero number.

O OO OO *
O OO OO *
OO OO % ¥
O OO % ¥k ¥
O OO * ¥ ¥
O O D * ¥ ¥
O O ¥ ¥ ¥ ¥
O O ¥ ¥ % ¥

O O ¥

O O ¥

O ¥ ¥

S % ¥

O % ¥

O O ¥

O ¥ ¥

ExaMpLE 1.3.2: The following matrices are in echelon form, with pivots highlighted:
[1 3] [2 3 2} g ; i
0 1 0 4 -2 00 0
<

Definition 1.3.2. An mXxn matriz is in reduced echelon form iff the matriz is in echelon
form and the following two conditions hold:

(i) The pivot coefficient is equal to 1;
(i) The pivot coefficient is the only non-zero coefficient in that column.

We denote by Ea a reduced echelon form of a matriz A.

ExaMPLE 1.3.3: The 6 x 8, 3 x5 and 3 x 3 matrices given below are in echelon form, where
pivots are highlighted and the * means any non-zero number.

1 = 0 0 = % 0 =«
0 01 0 x *x 0 =« 1 % 0 * x 10 0
0 0 0 1 x *x 0 =

, 10 01 % x|, [0 1 O
00 0 0 0 0 1 =« 0000 0 00 1
00 0 0 0 0 00O
00 0 0 0 0 00O
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EXAMPLE 1.3.4: And the following matrices are not only in echelon form but also in reduced
echelon form; again, pivot coefficients are highlighted:

{10} [104}328
0 1 0 1 5 0 0 0
<

Summarizing, the Gauss-Jordan method uses Gauss operations to transform the aug-
mented matrix of a linear system into reduced echelon form. Then, the solutions of the
linear system can be obtained without doing further algebraic operations.

ExampLE 1.3.5: Consider a 3 x 3 linear system with augmented matrix having a reduced
echelon form given below. Then, the solution of this linear system is simple to obtain:

100 | -1 n=-l
01 0 3 = To =3
001 2 T3 = 2.

<

We use the notation Ep for a reduced echelon form of an m x n matrix A, since a reduced
echelon form of a matrix has an important property: It is unique. We state this property
in Proposition [[L3.3] below. Since the proof is somehow involved, after the proof we show a
different proof for the particular case of 2 x 2 matrices.

Proposition 1.3.3. The reduced echelon Ep form of an m x n matrix A is unique.

Proof of Proposition [[.3.3t We assume that there exists an m X n matrix A having two
reduced echelon forms Ep and Ea, and we will show that Enx = Ea. Introduce the column
vector notation for matrices (see Sect.[[4]) and for vectors (see Sect. [[4]), respectively,

Z1

A:[Ala"'7An]7 EA:[E17"'7E7L]7 EA:[E17"'7ER]’ X =

Tn

If the reduced echelon forms Ex and Ea were different, then they should start differing at a

particular column, say column ¢, with 1 < ¢ < n. That is, there would be vectors E; and Ei

satisfying E; # E; and E; = Ej for j = 1,--- , (i — 1). The proof of Proposition [3:3 reduces

to show that this is not the case, by studying the following two cases:

(a) The vector of one of the reduced echelon form matrices, say the column vector E; of Ea,
does not contain a pivot coefficient.

(b) Both vectors E; and E; do contain a pivot coefficient.

Consider the case in (@). The definition of reduced echelon form implies that the vector
E; = [e;] has non-zero components among the first £ components, with 0 < k < i, hence,
ej =0 for j = (k+1),---,n. Furthermore, the definition of reduced echelon form also
implies that there are k columns to the left of vector E; with pivot coefficients. Let us
denote these columns by E, ., for j = 1,--- k. We use a new subindex p;, since the k
columns need not be the first k& columns. This information about the reduced echelon form
matrix Ex can be translated into a vector x solution of the linear system with augmented
matrix [EA’O}. This solution is the vector x = [z;] with non-zero components z,,, = e; for
j=1,---,k, and x; = —1, while the rest of the components vanish, since the following
equations hold,

elEp1+"'+ekEpk+(_1)Ei:0 =2 l‘plEpl+~'~+$pkEpk+.’L‘iEi:0.
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Recall now that the solution of a linear system is not changed when Gauss operations are
performed on the coefficient matrix. Since Gauss operations change Ex — A — Ea, the
same vector x above is solution of the linear system with augmented matrix [EA|O}, that is,

TpBp 4+ ap By + 2B =0 & By -ty + (1)E =0,

Since E; = Ej for j =1,---  k, the second equation above implies that E; = E; also holds.
We conclude that the first vector in Ea that differs from a vector in EA cannot be a vector
without pivot coefficients.

Consider the case in (), that is, if E; and EZ are the first vectors from Ea and EA,
respectively, which are different, then both vectors have pivot coefficients. (If only one of
these vectors had a pivot coefficient, then the argument in case (@) on the vector without
pivot coefficient would imply that the first vector could not have a pivot coefficient.) Suppose
that the vector E; = [e;] has the pivot coefficient at the position ko, that is, e; = 0 for j # ky
and eg, = 1. Similarly, suppose that the vector E, = [é;] has the pivot coefficient at the
position ki, that is, é; = 0 for j # k) and é;, = 1. By definition of reduced echelon form
all rows in Eap above the kg row have pivots columns to the left of E;. This statement also
applies to matrix EA, since EZ is the first column that differs from Ex. Therefore kg < k1.
The exactly same argument also applies to matrix Ea concluding that k; < kg. Therefore,
ko = k1, and so, E; = Ei. We conclude that the first vector in Ea that differs from a vector
in E cannot be a vector with pivot a coefficient. Therefore, parts @) and () establish the
Proposition. (Il

The proof above is not straightforward to understand, so it might be a good idea to

present a simpler proof for the particular case of 2 x 2 matrices.
Alternative proof of Proposition [[.3.3] in the case of 2 x 2 matrices: We start
recalling once again the following observation that holds for any m X n matrix A: Since
Gauss operations do not change the solutions of the homogeneous system [A|0], if a matrix
A has two different reduced echelon forms, Ex and Ea, then the set of solutions of the systems
[EA|0] and [Ea|0] must coincide with the solutions of the system [A|0]. What we are going to
show now is the following: All possible 2 x 2 reduced echelon form matrices E have different
solutions to the homogeneous equation [E|0]. This property then establishes that every 2 x 2
matrix A has a unique reduced echelon form.

Given any 2 x 2 matrix A, all possible reduced echelon forms are the following:

1 0 1 10
EA:[O 8} ccR, EA:[O 0], EA:[O 1]

We claim that all these matrices determine different sets of solutions to the equation [Ea|0].
In the first case, the set of solutions are lines given by

r1 = —cxry, c€ER. (1.15)
In the second case, the set of solutions is a single line given by
o =0, x €R.

Notice that this line does not belong to the set given in Eq. (IIH). In the third case, the
solution is a single point

T = 07 To = 0.
Since all these sets of solutions are different, and only one corresponds to the equation

[A]0], then there is only one reduced echelon form Ea for matrix A. This establishes the
Proposition for 2 x 2 matrices. (]
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While the reduced echelon form of a matrix is unique, a matrix may have many different
echelon forms. Also notice that given a matrix A, there are many different sequences of
Gauss operations that produce the reduced echelon form Ea, as it is sketched in Fig. I3

Different Gauss operation
schemes

F1GURE 13. The reduced echelon form of a matrix can be obtained in many
different ways.

ExAMPLE 1.3.6: Use two different sequences of Gauss operations to find the reduced echelon
form of matrix

A:2 4 10}

13 7

SOLUTION: Here are two different sequences of Gauss operations to find Ea:

SN Wy

1 3 7 13 7] 01 2 01 2
A— 2 4 10 . 1 3 7 . 1 2 b) R 1 2 5 . 10 1] E
|37 2 4 10 0 -2 —4 0 1 2 01 2| ™
The matrix Ep is the same using the two Gauss operation sequences above. <

1.3.2. The rank of a matrix. Since the reduced echelon form Ep of an m x n matrix A
is unique, any property of matrix Ep is indeed a property of matrix A. In particular, the
uniqueness of E5 implies that the number of pivots of Ep is also unique. This number is a
property of matrix A, and we give that number a name, since it will be important later on.

Definition 1.3.4. The rank of an m x n matriz A, denoted as rank(A), is the number of
pivots in its reduced echelon form Ea.

EXAMPLE 1.3.7: Find the rank of the coefficient matrix and all solutions of the linear system

1‘1+3£173:71
$2—21‘3:3
2x1 + x9 +4x3 = 1.

SOLUTION: The 3 x 3 system has an augmented matrix with reduced echelon form

10 3 -1 10 3 -1
01 -2 3| —- (0 1 =2 3
2 1 4 1 0 0 O 0

Since the reduced echelon form of the coefficient matrix has two pivots, we obtain that the
coefficient matrix has rank two. The solutions of the linear system can be obtained without
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any further calculations, since the coefficient matrix is already in reduced echelon form.
These solutions are the following,

1 0 3 -1 X :71731'37
01 -2 3 = To = 3+ 2x3,
00 O 0 x3 : free variable.
We call x3 a free variable, since there is a solution for every value of this variable. <

Definition 1.3.5. A wariable in a linear system is called o free variable iff there is a
solution of the linear system for every value of that variable.

In Example[I.3.7] the free variable is x3, since for every value of x3 the other two variables
x1 and x9 are fixed by the system. Notice that only the number of free variables is relevant,
but not which particular variable is the free one. In the following example we express the
solutions in Example [L3.7in terms of z; as a free variable.

ExampPLE 1.3.8: Express the solutions in Example [[L3.7 in terms of z; as a free variable.

SOLUTION: The solutions given in Example [[L3.7] can also be expressed as

x1 : free variable,

2
$2=3+§(—1—$1)~,

1
<
As the reader may have noticed there is a relation between the rank of the coefficient
matrix and the number of free variables in the solution of the linear system.

Theorem 1.3.6. The number of free variables in the solutions of an m X n consistent linear
system with augmented matriz [Alb] is given by (n — rank(A)).

Proof of Theorem The number of non-pivots columns in Ep is actually the number
of variables not fixed by the linear system with augmented matrix [A|b]. The number of non-
pivot columns is the total number of columns minus the pivot columns, that is, (n—rank(A)).
This establishes the Theorem. (I

We saw in Example [[337] that the 3 x 3 coefficient matrix has rank(A) = 2. Since the
system has n = 3 variables, we conclude, without actually computing the solution, that the
solution has n —rank(A) = 3 = 2 =1 free variable. The free variable can be any variable in
the system. The relevant information is that there is one free variable.

ExaMPLE 1.3.9: We now present three examples of consistent linear systems.
(i) Show that the 2 x 2 linear system below is consistent with coefficient matrix having
rank one and solutions having one free variable,
2r1 —x9 =1
1 1 1

_ixl‘i‘le :_Z

SOLUTION: Gauss operations transform the augmented matrix of the system as follows,
2 -1 1 2 -1 1
— .
-1/2 1/4 -1/4 0 0 0
The system is consistent, has rank one, and has a free variable, hence the system has
infinitely many solutions.
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(ii) Show that the 2 x 3 linear system below is consistent with coefficient matrix having
rank two and solution having one free variable,
Ty + 229 + 323 = 1,
31’1 + 5‘%2 —+ 2$3 = 2.

SOLUTION: Perform the following Gauss operations on the augmented matrix,

1 2 3 1_)123 1_}10—11 -1
3 5 2 2 0 -1 -7 -1 0 1 7 1|
We see that the 2 x 3 system has rank two, hence one free variable.
(iii) Show that the 3 x 2 linear system below is consistent with coefficient matrix having

rank two and solution having no free variables,

x1 + 3582 = 2,
2x1 + 229 =0,
3r1 + a9 = —2.

SOLUTION: Perform the following Gauss operations on the augmented matrix,

1 3 2 1 3 2 1 0 -1
2 2 0 — 1|0 —4 -4 — 10 1 1
3 1 -2 0 -8 -8 0 0 0
We see that the 3 x 2 system has rank two, hence no free variables. <

1.3.3. Inconsistent linear systems. Not every linear system has solutions. We now use
both the reduced echelon form of the coefficent matrix and of the augmented matrix to
characterize inconsistent linear systems. We start with an example.

ExXAMPLE 1.3.10: Show that the following 2 x 2 linear system has no solutions,
2$1 — Ty = 0 (1.16)
1 1 1

SOLUTION: One way to see that there is no solution is the following: Multiplying the second
equation by —4 one obtains the equation

21’1 — X9 = ].,
whose solutions form a parallel line to the line given in Eq. (ILI6). Therefore, the system

in Eqgs. (LI6)-(TI7) has no solution. A second way to see that the system above has no
solution is using Gauss operations. The system above has augmented matrix

{ 2 -1 0 } . [2 —1 0]
11 1 .
-3 1 1 0 0 1
The echelon form above corresponds to the linear system

2$1—.’132:O
0=1.

The solutions of this second system coincide with the solutions of Eqs. (ILI6])-(LI7). Since
the second system has no solution, the system in Eqs. (LIG)-(TI1) has no solution. <

This example is a particular cases of the following result.
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Theorem 1.3.7. An m X n linear system with augmented matriz [A|b] is inconsistent iff
the reduced echelon form of its augmented matriz contains a row of the form [0,--- 0 | 1];
equivalently rank(A) < rank(Alb). Furthermore, a consistent system contains:

(i) A unique solution iff it has no free variables; equivalently rank(A) = n.
(ii) Infinitely many solutions iff it has at least one free variable; equivalently rank(A) < n.

This Theorem says that a system is inconsistent iff its augmented matrix has a pivot in the
source vector column, which is the last column in an augmented matrix. In that case the
system includes an equation of the form 0 = 1, which has no solution.

The idea of the proof if this Theorem is to study all possible reduced echelon forms Ep of
an arbitrary matrix A, and then to study all possible augmented matrices [Ealc]. One then
concludes that there are three main cases, no solutions, unique solutions, or infinitely many
solutions.

Proof of Theorem [I.3.7t We only give the proof in the case of 3 x 3 linear systems. The
reduced echelon form Ea of a 3 x 3 matrix A determines a 3 x 4 augmented matrix [Ea|c].
There are 14 possible forms for this matrix. We start with the case of three pivots:

1 0 O * 1 0 =% * 1 * 0 * 0O 1 0 *
01 0 , 0 1 = x|, 0 0 1 x|, 0 0 1 *
0 0 1 0 0 O 1 0 0 O 1 0 0 O 1

In the first case we have a unique solution, and rank(A) = 3. The other three cases cor-
respond to no solutions. We now continue with the case of two pivots, which contains six
possibilities, with the first three given by

1 0 =* * 1 = 0 * 01 0 *
0 1 = *| 0 0 1 *| 0 0 1 x|,
0 0 O 0 0 0 O 0 0 0 O 0

which correspond to infinitely many solutions, with one free variable, rank(A) = 2. The
other three possibilities are given by

1 * * 0 1 =« * 0 0 1 *
0 0 0 11, 0 0 0 1], 0 0 0 1];
0 0 0 0 0 0 0 0 0 0 0 0
which correspond to no solution. Finally, we have the case of one pivot. It contains four

possibilities, the first three of them are given by

1 * * * 0 1 =« * 0 0 1 *
0 0 O 0f, 0 0 O 0f, 0 0 O 0] ;
0 0 O 0 0 0 O 0 0 0 O 0

which correspond to infinitely many solutions, with two free variables and rank(A) = 1. The
last possibility is the trivial case

0 00 1
0 00 0|,
0 00 0
which has no solutions. This establishes the Theorem for 3 x 3 linear systems. (]

ExaMpPLE 1.3.11: Sow that the 2 x 2 linear system below is inconsistent:

21’1—;132:1

L 1
——r1+-x=—-.
I 4
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SOLUTION: The proof of the statement above is the following: Gauss-Jordan operations
transform the augmented matrix of the system as follows,

0

1l

2 -1 0] _[2 -1 o] 2 -1
-1 1 —1 0 0 -1 0 0

2 4
Since there is a line of the form [0, 0|1], the system is inconsistent. We can also say that the
coeflicient matrix has rank one, but the definition of free variables does not apply, since the
system is inconsistent. <

ExamMpPLE 1.3.12: Find all numbers h and & such that the system below has only one, many,
or no solutions,

{E1+hCE2:1
T+ 2x9 = k.

SOLUTION: Start finding the associated augmented matrix and reducing it into echelon form,
1 h 1 ! h 1
1 2 k 0 2—h k—1|"
Suppose h # 2, for example set h = 1, then
11 1 . 10 2—k
0 1 k-1 0 1 k-1’
so the system has a unique solution for all values of k. (The same conclusion holds if one
sets h to any number different of 2.) Suppose now that h = 2, then,

1 2 1
0 0 k—1|"
If £k =1 then
1 2 1 1 =1— 29,
0 0 0 xo : free variable.
so there are infinitely many solutions. If k& # 1, the system is inconsistent, since
1 2 1,
0 0 k—1#£0.

Summarizing, for h # 2 the system has a unique solution for every k. If h =2 and k =1
the system has infinitely many solutions, if h = 2 and k # 1 the system has no solution. <

Further reading. See Sections 2.1, 2.2 and 2.3 in Meyer’s book [3] for a detailed discussion
on echelon forms and rank, reduced echelon forms and inconsistent systems, respectively.
Again, see Section 1.2 in Lay’s book [2] for a summary of echelon forms and the Gauss-
Jordan method. Section 1.3 in Strang’s book [4] also helps.
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1.3.4. Exercises.

1.3.1.- Find the rank and the pivot columns
of the matrix

1 2 1 1
A=12 4 2 2
3 6 3 4

1.3.2.- Find all the solutions x of the linear
system Ax = 0, where the matrix A is
given by

1 2 1 3
A=1[2 1 -1 0
1 0 0 1

1.3.3.- Find all the solutions x of the linear
system Ax = b, where the matrix A and
the vector b are given by

1 2 4 3
A=1|2 -1 -7|, b=|-4
3.2 0 1

1.3.4.- Construct a 3 X 4 matrix A and 3-
vectors b, ¢, such that [A[b] is the aug-
mented matrix of a consistent system
and [A|c] is the augmented matrix of an
inconsistent system.

1.3.5.- Let A be an m X n matrix having
rank(A) = m. Explain why the system
with augmented matrix [Alb] is consis-
tent for every m-vector b.

1.3.6.- Consider the following system of lin-
ear equations, where k represents any
real number,

2x1 + kxo = 1,

—4xq1 + 220 = 4.
(a) Find all possible values of the num-
ber k such that the system above is

inconsistent.
(b) Set &k = 2. In this case, find the

solution x = {xl} .
X2
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1.4. NON-HOMOGENEOUS EQUATIONS

In this Section we introduce the definitions of homogeneous and non-homogeneous linear
systems and discuss few relations between their solutions. We start, however, introducing
new notation. We first define a vector form for the solution of a linear system and we then
introduce a matrix-vector product in order to express a linear system in a compact way. One
advantage of this notation appears in this Section: It is simple to realize that solutions of a
non-homogeneous linear system are translations of solutions of the associated homogeneous
system. A somehow deeper insight on the relation between matrices and vectors can be
obtained from the matrix-vector product, which will be discussed in the next Chapter. Here
we can summarize this insight as follows: A matrix can be thought as a function acting on
the space of vectors.

1.4.1. Matrix-vector product. We start generalizing the vector notation to include the
unknowns of a linear system. First, recall that given an m X n linear system

Anzy + - + Aipey, = by, (1.18)

we have introduced the m x n coefficients matrix A = [A;;] and the source m-vector b = [b;],
where i =1,--- ,m and j = 1,--- ,n. Now, introduce the unknown n-vector x = [z;]. The
matrix A and the vectors b, x can be used to express a linear system if we introduce an
operation between a matrix and a vector. The result of this operation must be the left-hand

side in Eqs. (I8)-(TI9).

Definition 1.4.1. The matriz-vector product of an m x n matric A = [A;;] and an
n-vector x = [z;], where i =1,--- ,m an j =1,--- ,n, is the m-vector
A o A [ Anzi+ -+ Ay,
A= = :
Anl e Ann L Amlxl + -+ Amnxn

We now use the matrix, vectors above together with the matrix-vector product to express
a linear system in a compact notation.

Theorem 1.4.2. Given the algebraic linear system in Egs. (I18)-({1.19), introduce the
coefficient matrixz A, the unknown vector x, and the source vector b, as follows,

Ay o Agg x4 b1
A= Clox=] b=
Apt - Apn Tn by,
Then, the algebraic linear system can be written as

Ax = b.

Proof of Theorem [1.4.2k From the definition of the matrix-vector product we have that
Ay oo A T1 Apxy + -+ Ay
Ax=| )= :
Anl e Ann LTn, Anlxl +- Alnxn
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Then, we conclude that

Allxl ++A1n:cn = bl, Allxl +etaiTn bl

& =|: < Ax=b.

A’I’lel 4+ o+ Annxn — b’r“ Anlxl 4+ -4 Alnl'n b'n,

|

Therefore, an m X n linear system with augmented matrix [A|b] can now be expressed

as using the matrix-vector product as Ax = b, where x is the variable n-vector and b is the
usual source m-vector.

ExAMPLE 1.4.1: Use the matrix-vector product to express the linear system
21‘1 — X9 = 3,
—x1 + 2.’E2 =0.

SOLUTION: The matrix of coefficient A, the variable vector x and the source vector b are

respectively given by
. 2 -1 |71 _ 3
a=13) =)oeml)
The coefficient matrix can be written as

[ d o a3 e

The linear system above can be written in the compact way Ax = b, that is,
S Bl =D
-1 2| |z 0"
We now verify that the notation above actually represents the original linear system:
Rt e o | R ) S B o e
which indeed is the original linear system. <

ExAMPLE 1.4.2: Use the matrix-vector product to express the 2 x 3 linear system
2x1 — 229 + 43 = 6,
x1 + 3xs 4+ 223 = 10.

SOLUTION: The matrix of coefficients A, variable vector x and source vector b are given by
Z1
2 -2 4 6
A—{l 3 2], x=|z2|, b_[lﬂ]'
T3

Therefore, the linear system above can be written as Ax = b, that is,

2 -2 4] |"* 6
13 2| |7 |10]"

We now verify that this notation reproduces the linear system above:

T A
6 o 2 =2 4 o 2 —2 4 o 23}‘1—2$2+4$3
{10}_[1 3 2} r2 _M x1+[3 “*[2] x3_[x1+3x2+2x3]’

Zzs3
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which indeed is the linear system above. <

ExAMPLE 1.4.3: Use the matrix-vector product to express the 3 x 2 linear system

Ty —xo = 0,
—I1+ X2 = 2,
r1+z0 = 0.

SOLUTION: Using the matrix-vector product we get
1 -1 0

-1 1 Fl} 2
1 1| ™2 0

We now verify that the notation above actually represents the original linear system:

0 1 -1 z 1 -1 Xr1 — T2
2l = -1 1 |:I1:| = |-1| 21+ 1l zo=|—-21+22],
0 11 2 1 1 Ty + T
which is indeed the linear system above. <

1.4.2. Linearity of matrix-vector product. Introduce a column-vector notation for the
coefficient matrix, that is,

A A
A=| = A A
Aml e Amn
where A.; is the j-th column of the coefficient matrix A. Using this notation we can rewrite

a matrix-vector product as a linear combination of the matrix column vectors A.;. This is
our first result.

Theorem 1.4.3. The matriz-vector product of an m X n matrix A = [A;l, e ,A:,J and an
n-vector x = [x;] can be written as follows,

Ax=Aqx1 + -+ Apzy.

Proof of Theorem [[.4.3t Write down the matrix-vector product of the m x n matrix
A = [A;;] and the n-vector x = [z;], that is,

A o A [, Apxy + -+ Ay A1y A1y
Ax = L= = RS :

Aml T Amn T Amlxl +- 4+ Amnxn Amlxl Amnxn

The expression on the far right can be rewritten as

An Ain
Ax = : Ty 4+ Ty, = Ax=Ajx1+---+Anz,.
Aml Amn
This establishes the Theorem. O

We are now ready to show that the matrix-vector product has an important property: It
preserves the linear combination of vectors. We say that the matrix-vector vector is a linear
operation. This property is summarized below.
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Theorem 1.4.4. For every m X n matrixz A, every n-vectors x, y and for every numbers a,
b, the matriz-vector product satisfies that

A(ax + by) = a Ax + b Ay.
In words, the Theorem says that the matrix-vector product of a linear combination of vectors

is the linear combination of the matrix-vector products. The expression above contains the
particular cases a = b =1 and b = 0, which are respectively given by

A(x+y) = Ax+ Ay, A(ax) = a Ax.

Proof of Theorem [1.4.4t From the definition of the matrix-vector product we see that:
ary + by
Alax +by) = [Aa, -, AL : =A.1(azy +by1) + -+ An(az, + byn).
axy + by,

Reorder terms in the expression above to get,

Aax +by) = a(A:1m1 4+t A:n:z:n) + b(A:lyl + et A:nyn) = aAx + bAy.

This establishes the Theorem. |
1.4.3. Homogeneous linear systems. All possible linear systems can be classified into
two main classes, homogeneous and non-homogeneous, depending whether the source vector

vanishes or not. This classification will be useful to express solutions of non-homogeneous
systems in terms of solutions of the associated homogeneous system.

Definition 1.4.5. The m x n linear system Ax = b is called homogeneous iff it holds that
b = 0; and is called non-homogeneous iff it holds that b # 0.

Every m x n homogeneous linear system has at least one solution, given by x = 0,
called the trivial solution of the homogeneous system. The following example shows that
homogeneous linear systems can also have non-trivial solutions.

ExXAMPLE 1.4.4: Find all solutions of the system Ax = 0, with coefficient matrix

-2 4
ERY
SOLUTION: The linear system above can be written in the usual way as follows,
—2x1 + 4z =0, (1.20)
Ty — 2332 =0. (121)

The solution of this system can be found performing the Gauss elimination operations

—2 4] -2 4] 1 2] T = 22,
1 -2 0 0 0 O o : free variable.
We see above that the coefficient matrix of this system has rank one, so the solutions have
one free variable. The set of all solutions of the linear system above is given by

T 21}2 o 2
][] [ e

We conclude that the set of all solutions of this linear system can be identified with the set
of points that belong to the line shown in Fig. I4l N

It is also possible that an homogeneous linear system has only the trivial solution, like
the following example shows.
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2 X1

FI1GURE 14. We plot the solutions of the homogeneous linear system given

in Egs. (L20)-(T21).

ExXAMPLE 1.4.5: Find all solutions of the system Ax = 0 with coefficient matrix
2 -1
=2 ]
SOLUTION: The linear system above can be written in the usual way as follows,
2.771 — X9 = 0,
—x1 + 2%2 =0.
The solutions of this system can be found performing the Gauss elimination operations
2 1] 1 o-2] 1 -2] 10 x1 =0,
-1 2 2 -1 0 3 0 1 xo = 0.
We see that the coefficient matrix of this system has rank two, so the solutions have no free

variable. The solution is unique and is the trivial solution x = 0. <

Examples [[L4.4] and [[L4.5] are particular cases of the following statement: An m x n
homogeneous linear system has non-trivial solutions iff the system has at least one free
variable. We show more examples of this statement.

ExAMPLE 1.4.6: Find all solutions of the 2 x 3 homogeneous linear system Ax = 0 with
coefficient matrix
A {2 -2 4]

1 3 2

SOLUTION: The linear system above can be written in the usual way as follows,

217 — 229 + 4a3 =0, (1.22)
Ty + 3x9 + 223 = 0. (123)
The solutions of system above can be obtained through the Gauss elimination operations
_ T = —2x3,
1 3 2 _ 1 3 2 _ 1 0 2 N 20 =0
2 -2 4/ 0o -8 0] |0 1 0 2

x3 : free variable.

The set of all solutions of the linear system above can be written in vector notation,

I —2173_ —2
X= |xo| = 0 =1 0] z3, rs € R.
T3 €T3 i 1
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In Fig. [5] we emphasize that the solution vector x belongs to the space R?, while the column

vectors of the coefficient matrix of this same system belong to the space R2. <
X3 y2
5 3
1 A,

X A2 )

14
A
1 1
-2
! ? X2 2 -1 1 2 3 a0y,
X1

F1GURE 15. The picture on the left represents the solutions of the ho-
mogeneous linear system given in Eq. (L22)-(L23]), which are 3-vectors,
elements in R3. The picture on the right represents the column vectors of
the coefficient matrix in this system which are 2-vectors, elements in R2.

ExaMpLE 1.4.7: Find all solutions to the linear system Ax = 0, with coefficient matrix
1 3 4
A= [2 6 8] '
SOLUTION: We only need to use the Gauss-Jordan method on the coefficient matrix

1 3 4 1 3 4 x1 = —3wy —4as
2 6 8 |0 0 0 = To, x3 : free variables.

In this case the solution can be expressed in vector notation as follows

Iy —31‘2 - 4{,133 -3 —4
X= |x9| = To = 1] zo4+ | 0] z3.
I3 X3 0 1

We conclude that all solutions of the homogeneous linear system above are all possible linear
combinations of the vectors

-3 —4
u; = 1 5 Ug = 0
0 1

<

1.4.4. The span of vector sets. From Examples [[.Z.4{T.4.7 above we see that solutions of
homogeneous linear systems can be expressed as the sets of all possible linear combinations
of particular vectors. Since this type of set will appear very often in our studies, it is
convenient to give such sets a name. We introduce the span of a finite set of vectors as the
infinite set of all possible linear combinations of this finite set of vectors.

Definition 1.4.6. The span of a finite set U = {uy,--- ,ux} C R™, with k > 1, denoted as
Span(U), is the set given by

Span(U) = {x € R" : x=axu1 + -+ zpu,, Va1, - ,2, €R}
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Recall that the symbol “V” means “for all”. Using this definition we express the solutions
of Ax = 0 in Example [[47] as

-3 —4
X € Span({ul = (1) , Up = (1) })

In this case, the set of all solutions forms a plane in R*, which contains the vectors u; and
us. In the case of Example [[Z.4] the solutions x belong to a line in R? given by

ceson({[7]})

ExXAMPLE 1.4.8: Find the set S = Span({ [ﬂ , [ﬂ }) C R2.

SOLUTION: Since the vectors are not proportional to each other, the set of all linear combi-
nations of these vectors is the whole plane. We conclude that S = R2. <

ExaMpLE 1.4.9: Find the set S = Span({ [ﬂ , [:ﬂ }) C R2.

SOLUTION: Since the vectors lay on a line, the set of all linear combinations of these vectors

also belongs to the same line. We conclude that S = {a [ﬂ , a€ R}. <

1.4.5. Non-homogeneous linear systems. Spans of vector sets are not only useful to
express solution sets to homogeneous equations, they are also useful to characterize when a
non-homogeneous linear system is consistent.

Theorem 1.4.7. An mxn linear system Ax = b, with coefficient matriz A = [A;l, e ,/—\;n] ,
is consistent iff b € Span({A., -+, A }).

In words, a non-homogeneous linear system is consisten iff the source vector belongs to the
Span of the coefficient matrix column vectors.
Proof of Theorem [1.4.7t

(=) Suppose that x = [x;] is any solution of the linear system Ax = b. Using the column
vector notation for matrix A we get that

b:AX:A:1I1 =+ +An$n

This last expression says that b € Span({Azl, e 7A:n}).
(<) If b € Span({A.1,--- ,A,, }), then there exists constants c1,- - , ¢, such that

b:A:161+"'+Aan:AC, CcC= [Ci].

This last equation says that the vector x = c is a solution of the linear system Ax = b, so
the system is consistent. This establishes the Theorem. O

Knowing the solutions of an homogeneous linear system provides important information
about the solutions of an inhomogeneous linear system with the same coefficient matrix.
The next result establishes this relation in a precise way.

Theorem 1.4.8. If the m x n linear system Ax = b is consistent and the vector x, is one
particular solution of this linear system, then any solution x to this system can be decomposed
as X = xp + xp,, where the vector x;, is a solution of the homogeneous linear system Ax;, = 0.
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Proof of Theorem [I.4.8t We know that the vector x, is a solution of the linear system,
that is, Ax, = b. Suppose that there is any other solution x of the same system, Ax = b.
Then, their difference x; = x — x,, satisfies the homogeneous equation Ax;, = 0, since

Axp, = A(x —xp) = Ax — Ax, =b—b =0,

where the linearity of the matrix-vector product, proven in Theorem [[L4.4] is used in the
step A(x — xp) = Ax — Ax,. We have shown that x;, = x — x,, that is, any solution x of the
non-homogeneous system can be written as x = x, + xp,. This establishes the Theorem. [

We say that the solution to a non-homogeneous linear system is written in vector form
or in parametric form when it is expressed as in Theorem [[4E that is, as x = x, + X,
where the vector xj, is a solution of the homogeneous linear system, and the vector x,, is any
solution of the non-homogeneous linear system.

ExampLE 1.4.10: Find all solutions of the linear system and write them in parametric form,

bl =) 1

SOLUTION: We first find the solutions of this non-homogeneous linear system using Gauss
elimination operations,

1 -2 3 1 -2 3 Ty =22 + 3,
2 —4 6] "o o0 0 = o : free variable.
Therefore, the set of all solutions of the linear system above is given by
x| |2z 43 2 3
ol I P IR R
In this case we see that
Xp = [3} (by choosing z2 = 0), and xj, = E] Zo.

The vector x,, is the particular solution to the non-homogeneous system given by z2 = 0,
while it is not difficult to check that x; above is solution of the homogeneous equation Ax;, =
0. In Fig. we plot these solutions on the plane. The solution of the non-homogeneous
system is the translation by x, of the solutions of the homogeneous system. <

FicURE 16. The blue line represents solutions to the homogeneous sys-
tem in Eq. (L24). The green line represents the solutions to the non-
homogeneous system in Eq. (24)), which is the translation by x, of the
line passing by the origin.
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Further reading. See Sections 2.4 and 2.5 in Meyer’s book [3] for a detailed discussion on
homogeneous and non-homogeneous linear systems, respectively. See Section 1.4 in Lay’s
book [2] for a detailed discussion of the matrix-vector product, and Section 1.5 for detailed
discussions on homogeneous and non-homogeneous linear systems.
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1.4.6. Exercises.

1.4.1.- Find the general solution of the ho-
mogeneous linear system

1+ 2z2+ 23+ 224 =0
2x1 +4xo + 23+ 324 =0
3x1 + 6x2 + x3 + 424 = 0.

1.4.2.- Find all the solutions x of the linear
system Ax = b, where A and b are given

by
1 -2 -1 1
A=1[2 1 8|, b=]2],
1 -1 1 1

and write these solutions in parametric
form, that is, in terms of column vec-
tors.

1.4.3.- Prove the following statement: If
the vectors ¢ and d are solutions of
the homogeneous linear system Ax = 0,
then c + d is also a solution.

1.4.4.- Find the general solution of the non-
homogeneous linear system

1+ 2w2 +x3 + 214 =3
21 +4xo + 23+ 304 =4
3x1 + 622 + x3 + 414 = 5.

1.4.5.- Suppose that the solution to a sys-
tem of linear equation is given by

xr1 =5+ 4x3
XTo = -2 — 71’3
x3 free.

Use column vectors to describe this set
as a line in R3.

1.4.6.- Suppose that the solution to a sys-
tem of linear equation is given by

xr1 = 3T4
Tro = 8 + 4z,
xr3 =2 — Dy
xs free.

Use column vectors to describe this set
as a line in R*.

1.4.7.- Consider the following system of lin-
ear equations, where k represents any
real number,

2 2 3 I 0
4 8 12 To| = |—4
6 2 k X3 4

(a) Find all possible values of the num-
ber k such that the system above
has a unique solution.

(b) Find all possible values of the num-
ber k such that the system above
has infinitely many solutions, and
express those solutions in paramet-
ric form.
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1.5. FLOATING-POINT NUMBERS

1.5.1. Main definitions. Floating-point numbers are a finite subset of the rational num-
bers. Many different types of floating-point numbers exist, all of them are characterized by
having a finite number of digits when written in a particular base. Digital computers use
floating-point numbers to carry out almost every arithmetic operation. When an m x n
algebraic linear system is solved using a computer, every Gauss operations is performed in
a particular set of floating-point numbers. In this Section we study what type of approxi-
mations occur in this process.

Definition 1.5.1. A non-zero rational number x is a floating-point number in base
b € N, of precision p € N, with exponent n € Z in the range —N < n < N € N, iff there
exist integers d;, fori=1,--- . p, satisfying 0 < d; < b—1 and dy # 0, such that the number
x has the form

x==20.dy---dp x b". (1.25)

We call p the precision, b the base and N the exponent range of the floating point number
x. We denote by IFpp v the set of all floating-point numbers of fized precision p, base b and
exponent range N.

In this notes we always work in base b = 10. Computers usually work with base b = 2,
but also with base b = 16, and they present their results with base b = 10.

ExampLE 1.5.1: The following numbers belong to the set I3 ;¢ 3,

215
210 = 0.210 x 103, 1=0.100 x 10, —0.02 = —0.200 x 107}, 06 = 0.215 x 1075,
The set Fs 10,3 is a finite subset of the rational numbers. The biggest number and the
smallest number in absolute value are the following, respectively,
0.999 x 10> =999  0.100 x 10~ = 0.0001.

Any number bigger 999 or closer to 0 than 0.0001 does not belong to I3 10 3. Here are other
examples of numbers that do not belong to F3 19,3,

1000 = 0.100x 10*  210.3 = 0.2103x 10%, 1.001 = 0.1001 x 10,  0.000027 = 0.270 x 10~*.

In the first case the number is too big, we need an exponent n = 4 to specify it. In the
second and third cases we need a precision p = 4 to specify those numbers. In the last case
the number is too close to zero, we need an exponent n = —4 to specify it. <

ExAaMPLE 1.5.2: The set of floating-point numbers F; 19,; is small enough to picture it on
the real line. The set of all positive elements in Fy 101 is shown on Fig. [T and this is the
union of the following three sets,

{0.01,0.02, 0.03,0.04, 0.05,0.06, 0.07, 0.08,0.09} = {0.i x 10~ })_;;
{0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9} = {0.7 x 10°}_,;
{1,2,3,4,5,6,7,8,9} = {0.i x 10'}9_,.

One can see in this example that the elements on IFy ;0,1 are not homogeneously distributed
on the interval [0,10]. The irregular distribution of the floating-point numbers plays an
important role when one computes the addition of a small number to a big number. <

ExAMPLE 1.5.3: In Table [[] we show the main set of floating-point numbers used nowadays
in computers. For example, the format called Binary64 represents all floating-point numbers
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0 o1

FIGURE 17. All the positive elements in F; 19,;.

in the set F5321024. One of the bigger numbers in this set is 21023 Ty have an idea how
big is this number, let us rewrite it as 107, that is,

21023 _ 107 & 1023 111(2) = x]n(lO) < x=307.95...

So the biggest number in F53 9 1924 is close to 10308 <
Format name || Base | Digits | Max. exp.
b P N
Binary 32 2 24 128
Binary 64 2 53 1024
Binary 128 2 113 16384
Decimal 164 10 16 385
Decimal 128 10 34 6145

TABLE 1. List of the parameters b, p and N that determine the floating-
point sets Fp,; n, which are most used in computers. The first column
presents a standard name given in the scientific computing community to
these floating-point formats.

We say that a set A C R is closed under addition iff for every two elements in A the
sum of these two numbers also belongs to A. The definition of a set A C R being closed
under multiplication is similar. The sets of floating-point numbers F,, ; y C R are not closed
under addition or multiplication. This means that the sum of two numbers in F, ; y might
not belong to F, 5 n. And the multiplication of two numbers in I, ; y might not belong to
Fp.b,n. Here are some examples.

ExAMPLE 1.5.4: Consider the set Fy 192. It is not difficult to see that Fy 192 is not closed
under multiplication, as the first line below shows. The rest of the example below shows
that the sum of two numbers in I3 ;92 does not belong to that set.

r=10"2=010x10"2 € Fy109o = 22=10"%=0.0001 x 1072 ¢ Fy 10,9,

z=10"3=0.10 x 1072 € Fy 19,2,

1 = a4y=0001+1,
y=1=0.10 x 10" € Fa 192,
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r+y= 1.001 = Tr+y= 0.1001 x 10 ¢ F2,1(),2-
<

1.5.2. The rounding function. Since the set I, ; x is not closed under addition or mul-
tiplication, not every arithmetic calculation involving real numbers can be performed in
Fp s,n. A way to perform a sequence of arithmetic operations in Fy,; n is first, to project
the real numbers into the floating-point numbers, and then to perform the calculation. Since
the result might not be in the set IF, ;, », one must project again the result onto F;, 5 . The
action to project a real number into the floating-point set is called to round-off the real
number. There are many different ways to do this. We now present a common round-off
function.

Definition 1.5.2. Given the floating-point number set Fp,;, v, let xny = 0.9---9 x bV be the
biggest number in F,;, n. The rounding function f; : RN [—zn,zn] — Fppn is defined
as follow: Given v € RN [—zn,zn], with x = £0.d1 -+ - dpdpt1--- x 0" and —N < n < N,

holds
iO.dl---dpxb" 7f dp+1<5,
fe(z) = Cov g
£ (0.dy---dp+07P) x 0" if dpi1 =5,

ExAaMPLE 1.5.5: We now present few numbers not in F3 19 3 and their respective round-ofts

r =0.2103 x 10?, fe(x) = 0.210 x 10?,
z = 0.21037 x 103, fe(x) = 0.210 x 103,
r = 0.2105 x 10°, fe(x) = 0.211 x 10?,
r = 0.21051 x 10?, fo(z) = 0.211 x 10%.

The rounding function has the following properties:
Proposition 1.5.3. Given F,, v there always exist x, y € R such that

felfe(@) + fe(y)] # fe(z +y), felfe@) fe(w)] # fo(zy).

We do not prove this Proposition, we only provide a particular example, in the case that
the floating-point number is Fy 10 2.

EXAMPLE 1.5.6: The real numbers = 21/2 and y = 11/2 add up to  +y = 16. Only one
of them belongs to F3 19,2, since

x=0.105 x 10> ¢ F3 10 = fe(r) = 0.11 x 10%
Yy = 0.55 x 10 € FQJO,Q = fg(y) =0.55 x 10 = Y.

We now verify that for these numbers holds that f;[fe(x) + fe(y)] # fe(z +y), since
T4+y=016x10> €Fa102 = folz+y)=0.16x10> =z +y,
fe[fe(@) + fe(y)] = fe(0.11 x 10* 4+ 0.55 x 10) = f¢(0.165 x 10*) = 0.17 x 10°.

Therefore, we conclude that

17 = fefo(x) + fe(y)] # felx +y) = 16.
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1.5.3. Solving linear systems. Arithmetic operations are, in general, not possible in
Fy.b.v, since this set is not closed under these operations. Rounding after each arithmetic
operation is a procedure that determines numbers in F,; 5 which are close to the result
of the arithmetic operations. The difference between these two numbers is the error of the
procedure, is the error of making calculations in a finite set of numbers. One could think
that the Gauss-Jordan method could be carried out in the set IFp,; n, if one round-off each
intermediate calculation. This Subsection presents an example that this is not the case.
The Gauss-Jordan method is, in general, not possible in any set Fj, , x using rounding after
each arithmetic operation.

ExampLE 1.5.7: Use the floating-point set 5 19 3 and Gauss operations to find the solution
of the 2 x 2 linear system

5x1 4+ x9 = 6,
94321 + 1.5725 = 11.

SOLUTION: Note that the solution is 27 = 1, z9 = 1. The calculation we do now shows
that the Gauss-Jordan method is not possible in the set F3 193 using round-off functions;
the Gauss-Jordan method does not work in this example. The fist step in the Gauss-Jordan
method is to compute the augmented matrix of the system and perform a Gauss operation
to make the coefficient in the position of a9y vanish, that is,

6
—0.316| -

This operation cannot be performed in the set F3 19 3 using rounding. In order to understand
this, let us review what we did in the calculation above. We multiplied the first row by
—9.43/5 and add that result to the second row. The result using real numbers is that the
new coefficient obtained after this calculation is as; = 0. If we do this calculation in the set
F3 10,3 using rounding, we have to do the following calculation:

- 9.43

az1 = fe (9-43 — fe {f€(5) fé(T)D7
that is, we round the quotient —9.43/5, then we multiply by 5, we round again, then we
subtract that from 9.43, and we finally round the result:

a1 = fe(9.43 — fo[5 fe(1.886)])
= f0(9.43 — f¢[5(1.89)])
= f0[9.43 — f0(9.45)]
= f¢[9.43 —9.45]

) 1 6 R ) 1
9.43 1.57 11 0 —0.316

= fe(—0.02)
= —0.02.
Therefore, with this Gauss operation on F3 19 3 using rounding one obtains ag; = —0.02 # 0.
The same type of calculation on the other coefficients as2, b2, produces the following new
augmented matrix
5 1 6 _ 5 1 6
9.43 1.57 11 —-0.02 —-0.32 -0.3|°

The Gauss-Jordan method cannot follow unless the coefficient ao; = 0. But this is not
possible in our example. A usual procedure used in scientific computation is to modify
the Gauss-Jordan method. The modification introduces further approximation errors in
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the calculation. The modification in our example is the following: Replace the coefficient
a21 = —0.02 by @21 = 0. The modified Gauss-Jordan method in our example is given by

[9.43 1.57 I 11:|—>[0 —0.32 ‘ —0.3:|' (1.26)

What we have done here is not a rounding error. It is a modification of the Gauss-Jordan
method to find an approximate solution of the linear system in the set F3 193. The rest of
the calculation to find the solution of the linear system is the following:

5 1 6 5 1 6
{0 —0.32 ‘ 0.3]_’ o 1| s(&)]

0.3
fe(@) — £,(0.9375) = 0.938,

since

we have that
5 1 6 b 6] _[50 fe(6 —0.938)]
o 1 | f(&)] Lo 1 | oess] o1 0938 |’

£)0(6 —0.938) = £,(5.062) = 5.06,

since

we also have that

{5 0 ’ 5.06}_}[1 0 ‘ f£0<5%)];

5
0 1 0.938 0 1 93

oo

since
5.06
fg(T) = £,(1.012) = 1.01,

we conclude that

10 1.01 21 = 0.101 x 10,
[0 1 0.938] 2y = 0.938.

We conclude that the solution in the set Fs 193 differs from the exact solution z; = 1,
x9 = 1. The errors in the result are produced by rounding errors and by the modification
of the Gauss-Jordan method discussed in Eq. (L20). <

We finally comment that the round-off error becomes important when adding a small
number to a big number, or when dividing by a small number. Here is an example of the
former case.

ExXAMPLE 1.5.8: Add together the numbers z = 10% and y = 4 in the set F3 19 4.

SOLUTION: Since z = 0.100 x 10* and y = 0.400 x 10, both numbers belong to F3 10,4 and
so fe(x) =z, fe(y) = y. Therefore, their addition is the following,

fo(z +y) = fo(1000 + 4) = £,(0.1004 x 10*) = 1 x 10* = z.

That is, f(x + ) = , and the information of y is completely lost. <
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1.5.4. Reducing rounding errors. We have seen that solving an algebraic linear system
in a floating-point number set F,; y introduces rounding errors in the solution. There
are several techniques that help keep these errors from becoming an important part of the
solution. We comment here on four of these techniques. We present these techniques without
any proof.

The first two techniques are implemented before one start to solve the linear system.
They are called column scaling and row scaling. The column scaling consists in multiplying
by a same scale factor a whole column in the linear system. One performs a column scaling
when one column of a linear system has coefficients that are far bigger or far smaller than
the rest of the matrix. The factor in the column scaling is chosen in order that all the
coefficients in the linear system are similar in size. One can interpret the column scaling
on the column i of a linear system as changing the physical units of the unknown z;. The
row scaling consists in multiplying by the same scale factor a whole equation of the system.
One performs a row scaling when one row of the linear system has coefficients that are far
bigger or far smaller than the rest of the system. Like in the column scaling, one chooses
the scaling factor in order that all the coeflicients of the linear system are similar in size.

The last two techniques refer to what sequence of Gauss operations is more efficient in
reducing rounding errors. It is well-known that there are many different ways to solve a
linear system using Gauss operations in the set of the real numbers R. For example, we now
solve the linear system below using two different sequences of Gauss operations:

2 4 10 1 2 5 1 2 5 1 0 1
— — —
R R N I R R

{24 10}%{13 7}%[1 2 5]H{12 5]HFO‘1]
1 3 7 2 4 10 0 —2 —4 0 1 2 0 1 2|
The solution obtained is independent of the sequences of Gauss operations used to find them.
This property does not hold in the floating-point number set F;, ;, x. Two different sequences
of Gauss operations on the same augmented matrix might produce different approximate
solutions when they are performed in Fj, ; . The main idea behind the last two techniques
we now present to solve linear systems using floating-point numbers is the following: To
find the sequence of Gauss operations that minimize the rounding errors in the approximate
solution. The last two techniques are called partial pivoting and complete pivoting.

The partial pivoting is the row interchange in a matrix in order to have the biggest
coefficient in that column as pivot. Here below we do a partial pivoting for the pivot on the
first column:

1072 2 1 10 4 1
1 10° 102 — | 1 10 10%],
10 4 1 1072 2 1

that is, use a pivot for the first column the coefficient with 10 instead of the coefficient with
1072 or the coefficient with 1. Now proceed in the usual way:

10 4 1 1 04 01 1 04 0.1
1 10° 10| — | 1 10° 10| — |0 999.6 99.9
1072 2 1 1072 2 1 0 1.996 0.999

The next step is again to use as pivot the biggest coefficient in the second column. In this
case it is the coefficient 999.6, so no further row interchanges are necessary. Repeat this
procedure till the last column.

The complete pivoting is the row and column interchange in a matrix in order to have as
pivot the biggest coeflicient in the lower-right block from the pivot position. Here below we
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do a complete pivoting for the pivot on the first column:

1072 2 1 1 103 102 103 1 102
1 10 10%| — |1072 2 1l =12 102 1
10 4 1 10 4 1 4 10 1

For the first pivot, the lower-right part of the matrix is the whole matrix. In the example
above we used as pivot for the first column the coefficient 10% in position (2,2). We needed
to do a a row interchange and then a column interchange. Now proceed in the usual way:

102 1 102 1 1073 1071 1 0.001 0.1
2 1072 1| —]2 1072 1 | — [0 0.008 0.8
4 10 1 4 10 1 0 9.996 0.6

The next step in complete pivoting is to choose the coefficient for the pivot position (2, 2).
We have to look in the lower-right block from the pivot position, that is, in the block

0.008 0.8
9.996 0.6

The biggest coefficient in that block is 9.996, so we have to do a row interchange but we do
not need to do column interchanges, that is,

1 0.001 0.1 1 0.001 0.1
0 0.008 0.8] — [0 9.996 0.6
0 9.99 0.6 0 0.008 0.8

Repeat this procedure till the last column.

Further reading. See Section 1.5 in in Meyer’s book [3] for a detailed discussion on solving
linear systems using floating point numbers.
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1.5.5. Exercises.

1.5.1.- Consider the following system:
10732 — 20 = 1,
x1 + x2 = 0.

(a) Solve this system in Fs 19,6 with
rounding, but without partial or
complete pivoting.

(b) Find the system that is exactly sat-
isfied by your solution in (@), and
note how close is this system to the
original system.

(c) Use partial pivoting to solve this
system in F3 10,5 with rounding.

(d) Find the system that is exactly sat-
isfied by your solution in (@), and
note how close is this system to the
original system.

(e) Solve this system in R without par-
tial or complete pivoting, and com-
pare this exact solution with the so-
lutions in (@) and (@).

(f) Round the exact solution up to
three digits, an compare it with the
results from (@) and (@).

1.5.2.- Consider the following system:
1+ 22 = 3,
~1021 + 10° 22 = 10°.

(a) Solve this system in F4 10,6 with
partial pivoting but no scaling.

(b) Solve this system in F4 10,6 with
complete pivoting but no scaling.

(c) Use partial pivoting to solve this
system in F3 19,5 with rounding.

(d) This time row scale the original sys-
tem, and then solve it in F4 10,6 with
partial pivoting.

(e) Solve this system in R and compare
this exact solution with the solu-

tions in (@)-(d).

1.5.3.- Consider the linear system
—3x1 + a2 = 72,
101 — 322 =1T7.
Solve this system in F3 10,6 without par-
tial pivoting, and then solve it again
with partial pivoting. Compare your re-
sults with the exact solution.
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CHAPTER 2. MATRIX ALGEBRA

2.1. LINEAR TRANSFORMATIONS

In Sect. [[L4] we introduced the matrix-vector product because it provided a convenient
notation to express a system of linear equations in a compact way. Here we study a deeper
meaning of the matrix-vector product. It is the key to interpret a matrix as a function acting
on vectors. We will see that a matrix is a particular type of function, called linear function
or linear transformation. We also show examples of functions determined by matrices.

From now on we consider both real-valued and complex-valued matrices and vectors. We
use the notation F € {R,C} to mean that F can be either F = R or F = C. Elements in F
are called scalars. So a scalar is a real number or a complex number. We denote by F™ the
set of all n-vectors x = [z;] with components z; € F, where ¢ = 1,--- ,n. Finally we denote
by F"" the set of all m x n matrices A = [A;;] with components A;; € F, where i =1---m
and j=1,---,n.

2.1.1. A matrix is a function. The matrix-vector product provides a new interpretation
for a matrix. A matrix is not only an artifact for a compact notation, it defines a function
on the set of vectors. Here is a precise definition.

Definition 2.1.1. Every m x n matriz A € F™" defines the function A : F™" — F™  where
the image of an n-vector x is the m-vector y = Ax, the matriz-vector product of A and x.
2 =2 4]

ExAMPLE 2.1.1: Compute the function defined by the 2 x 3 matrix A = [1 3 9

SOLUTION: The matrix A defines a function A : R? — R2, since for every x € R? holds,

T Z1
_ o 2 -2 4 o o 211 — 2.’1,'2 + 413 2
Xx=|xa|, Ax_{1 3 2] To = y_AX_{xl+3x2+2w3 € R=.
I3 ]
. ! 3 2 =2 4 ! 4 9
For example, given x = |1| € R”, then y = Ax = 1] = e R-. <
1 1 3 2 1 6

EXAMPLE 2.1.2: Describe the function defined by the 2 x 2 matrix A = [(1) _01] .

SoLUTION: The matrix A defines a function A : R?2 — R2, which can be interpreted as
a reflection along the horizontal line. Indeed, the action of the matrix A on an arbitrary
element in x € R? is the following,

we ) [2)

Here are particular cases, represented in Fig. [I8]

N e B -

ExaMpPLE 2.1.3: Describe the function defined by the 2 x 2 matrix A = [(1) (1)} .
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Av

FiGURE 18. We sketch the action of matrix A in Example Z1.2] on the
vectors given in Eq. (1)), which we called u, v, and w, respectively. Since
A : R? — R2, we used the same plane to plot both u and Au.

SoLUTION: The matrix A defines a function A : R?> — R2, which can be interpreted as a
reflection along the line x1 = w2, see Fig. Indeed, the action of the matrix A on an
arbitrary element in x € R? is the following,

=l o] ()= 1)

Here are particular cases, represented in Fig. [T9]

S EIR R R Ry A ) e

X X=X,

Au

T -1

FIGURE 19. We sketch the action of matrix A in Example 1.3l on the
vectors given in Eq. (22), which we called u, v, and w, respectively. Since
A :R? — R?, we used the same plane to plot both u and Au.

ExAMPLE 2.1.4: Describe the function defined by the 2 x 2 matrix A = [(1) _01] .
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SoLUTION: The matrix A defines a function A : R? — R2?, that can be interpreted as a
rotation by an angle w/2 counterclockwise, see Fig. Indeed, the action of the matrix A
on an arbitrary element in x € R? is the following,

=l o] 2] =[]

Here are particular cases, represented in Fig. 20

o3l B A o B R i e

FIGURE 20. We sketch the action of matrix A in Example 213l on the
vectors given in Eq. (22), which we called u, v, and w, respectively. Since
A : R? — R?, we used the same plane to plot both u and Au.

ExaMpLE 2.1.5: Describe the function defined by the 2 x 2 matrix A = {COS(G) - sm(@)} ,

sin(f)  cos(d)
where 6 is a fixed real number.

SoLUTION: The matrix A defines a function A : R?2 — R2, that can be interpreted as
a rotation by an angle 0 counterclockwise. To verify this, first compute y = Ax for an
arbitrary vector x, and then check that vector y is the counterclockwise rotation by 6 of
vector x.

[ et N I e ] S O

We now show that the components y; and y, above are precisely the counterclockwise
rotation by € of the vector x. From Fig. 21l we see that the following relation holds:

y1 =cos(0+ ) lIyll, y2 =sin(0+¢)|lyll,

where ||y|| is the magnitude of the vector y. Since a rotation does not change the magnitude
of the vector, then |ly|| = ||x|| and so,

y1 = cos(0 + @) [Ix[|,  y2 =sin(6 + ¢) [x[|.

Recalling now the formulas for the cosine and the sine of a sum of two angles,
cos(f + ¢) = cos(6) cos(¢) — sin() sin(e),
sin(f 4+ ¢) = sin(@) cos(¢) + cos(0) sin(¢),
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we obtain that
y1 = cos(0) cos(¢) [[x|| — sin(6) sin(¢) ||,
y2 = sin(0) cos(¢) [|x[| + cos(6) sin(¢) [|x[|.
Recalling that
z1 = cos(9) ||, z2 =sin(¢) [Ix|,
we obtain the formula
y1 = cos(8) x1 — sin(0) x2,
yo = sin(f) x1 + sin(f) xa.

This is precisely the expression that defines matrix A. Therefore, the action of the matrix
A above is a rotation by 6 counterclockwise. <

,,,,,,,,,,,,,,,,,,

FIGURE 21. The vector y is the rotation by an angle 6 counterclockwise of
the vector x.

EXAMPLE 2.1.6: Describe the function defined by the 2 x 2 matrix A = [3 g} .

SoLUTION: The matrix A defines a function A : R?> — R2, which can be interpreted as a
dilation, see Fig. Indeed, the action of the matrix A on an arbitrary element in x € R?
is the following, Ax = 2x. <

EXAMPLE 2.1.7: Describe the function defined by the 2 x 2 matrix A = [(2) ﬂ .

SoLUTION: The matrix A defines a function A : R?> — R2, which can be interpreted as a
shear, see Fig. Indeed, the action of the matrix A on an arbitrary element in x € R? is

the following,
. 2 0 T1| 2.131
s 3 -1
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5
N

FIGURE 22. We sketch the action of matrix A in Example[2.1.601 Given any
vector x with end point on the circle of radius one, the vector Ax = 2x is a
vector parallel to x and with end point on the dashed circle of radius two.

Y

FIGURE 23. We sketch the action of matrix A in Example 22,7 Given any
vector x with end point on the circle of radius one, the vector Ax = 2x is a
vector parallel to x and with end point on the dashed curve.

2.1.2. A matrix is a linear function. We have seen several examples of functions given
by matrices. All these functions are defined using the matrix-vector product. We have seen
in Theorem [[LZ.4] that the matrix-vector product is a linear operation. That is, given any
m X n matrix A, for all vectors x, y € F" and all scalars a, b € F holds that

A(ax+by) = a Ax+ b Ay

This property of the function defined by a matrix will be important later on, so any function
with this property will be given a particular name.

Definition 2.1.2. A function T : F"* — F™ is called a linear transformation iff for all
vectors x, y € F™ and for all scalars a, b € F holds

T(ax+by) =aT(x)+bT(y).

The expression above contains the particular cases a = b =1 and b = 0, which are respec-
tively given by

T(x+y)=T(x)+T(y), T(ax) = aT(x).
We will also use the name linear function for a linear transformation. At the end of Sec-
tion we generalize the definition of a linear transformation to include functions on the
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space of matrices. We will present two examples of linear functions on the space of matrices,
the transpose and the trace functions. In this Section we present simpler examples of linear
functions.

ExXAMPLE 2.1.8: Show that the only linear transformations 7' : R — R are straight lines
through the origin.

SOLUTION: Since y = T'(z) is linear and x € R, we have that
y=T(z)=T(xx1)=zT(1).
If we denote T'(1) = m, we then conclude that a linear transformation 7 : R — R must be
Yy = mz,
which is a straight line through the origin with slope m. <
ExAMPLE 2.1.9: Any m X n matrix A € F™" defines a linear transformation 7" : F* — F™

by the equation T'(x) = Ax. In particular, all the functions defined in Examples ZT.IH2.T.7]
are linear transformations. Consider the most general 2 x 2 matrix,

A Arg 2,2

A= e
[Am Ago

and explicitly show that the function T'(x) = Ax is a linear transformation.

SoLUTION: The explicit form of the function T : F? — F? given by T'(x) = Ax is
1 A Arg T T Ajjzy + Ajszo
() - - 1(2))- |
[1”2] |:A21 A22:| [Iz] €2 A1y + Agoxo
This function is linear, as it can be seen from the following explicit computation,
T(ex +dy) = T(c [Il} +d [yl])
T2 Y2
_ T( cxy + dyy )
cxa + dys
_ [An(ext +dyr) + Ara(caz + dys)
Agi(cxy + dyr) + Aga(cxe + dyz)
_ Ajiexy + Ajacao Aq1dyr + Aradys
Agicxy + Agacro Agrdyy + Agadys
e A1y + A1axo d Avyr + Aoy
A1 + Ao Ao1y1 + Azaya
=cT(x)+dT(y).
This establishes that T is a linear transformation. Notice that this proof is just a repetition
of the Theorem [[.4.4] proof in the case of 2 x 2 matrices. <

ExAMPLE 2.1.10: Find a function T : R2 — R? that projects a vector onto the line z; = x,
see Fig. Show that this function is linear. Finally, find a matrix A such that T'(x) = Ax.

SoLUTION: From Fig. 24l one can see that a possible way to compute the projection of a
vector x onto the line z1 = x4 is the following: Add to the vector x its reflection along the
line 1 = x2, and divide the result by two, that is,

() =s(al+ ) = (-2
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We have obtained the projection function 7. We now show that this function is linear:
Indeed
T(ax + by) = T(a [ﬂ +b [yl} )
T2 Y2

~r([am )

_ (amy + byy + azs + byo) H

2 1

S [ e ]
=aT(x)+bT(y).

This shows that T is linear. We now find a matrix A such that T'(x) = Ax, as follows

r([n)) =5

_1 1+ o
T2 |z + 22

11 1] [y 111
—2[1 1] [@] =~ Az{l 1]

This matrix projects vectors onto the line z; = x5. <

FIGURE 24. The function T projects the vector x onto the line z; = xs.

Further reading. See Sections 1.8 and 1.9 in Lay’s book [2]. Also Sections 3.3 and 3.4 in
Meyer’s book [3].
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2.1.3. Exercises.

2.1.1.- Determine which of the following
functions T : R? — R? is linear:

(a)
T([ij) - {2?21] '
r([2]) - [t
r([2]) =[]

2.1.2.- Let T : R? — R? be the linear trans-
formation given by T'(x) = Ax, where

A=

Find x € R? such that T(x) = [ﬂ .

(b)

2.1.3.- Given the matrix and vector
1 -5 -7 -2
o E i B
define the function T : R® — R? as

T(x) = Ax, and then find all vectors x
such that T'(x) = b.

2.1.4.- Let T : R? — R? be a linear trans-
formation such that

(=11 (D=3
Find the values of T( Ej ) for any vec-
tor Bj =z H + 2 (1)] € R?,

2.1.5.- Describe geometrically what is the
action of T over a vector x € R?, where

@ re0=7 ] 2

CECHF N
© 0= 5| 2]
aro-f 3]

o X1 o -2 o 7
2.1.6.- Let x = m},v— { 5}, u= [_3}7

and let T : R? — R? be the linear trans-
formation T'(x) = z1v + z2u. Find a
matrix A such that T'(x) = Ax for all
x € R2.
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2.2. LINEAR COMBINATIONS

One could say that the idea to introduce matrix operations originates from the interpre-
tation of a matrix as a function. A matrix A € F™" determines a function A : F"* — F™.
Such functions are generalizations of scalar valued functions of a single variable, f : R — R.
It is well-known how to compute the linear combination of two functions f, g : R — R and,
when possible, how to compute their composition and their inverses. Matrices determine
a particular generalizations of scalar functions where the operations mentioned above on
scalar functions can be defined on matrices. The result is called the linear combination of
matrices, and when possible, the product of matrices and the inverse of a matrix. Since
matrices are generalizations of scalar valued functions, there are few operations on matri-
ces that reduce to the identity operation in the the case of scalar functions. Among such
operations belong the transpose of a matrix and the trace of a matrix.

2.2.1. Linear combination of matrices. The addition of two matrices and the multipli-
cation of a matrix by scalar are defined component by component.

Definition 2.2.1. Let A = [A;;] and B = [B;;] be m x n matrices in F™" and a, b € F
be any scalars. The linear combination of A and B is also and m X n matriz in F™",
denoted as a A+ bB, and given by

Recall that the notation aA 4 bB = [(aA + bB);;| means that the numbers (a4 + bB);;

are the components of the matrix aA + bB. Using this notation the definition above can be
expressed in terms of matrix components as follows

(aA+bB);; = aA;; +bB,.
This definition contains the particular cases a = b =1 and b = 0, given by, respectively,
(A+ B)ij = Aij + Bij,  (ad)ij = a Ay;.
ExaMpPLE 2.2.1: Consider the matrices
A= [—21 21] B= B —01] '
(a) Find the matrix A 4+ B and 3A.
(b) Find a matrix C such that 2C + 6A = 4B.

SOLUTION:
Part @): The definition above gives,
2 -1 3 0 5 —1 6 -3
A+B= [_1 2} + [2 _1] S AtB= L 1}, 3A = [3 6}.
Part (B)): Matrix C is given by
1
C=3 (4B — 6A)

The definition above implies that

3 0 2 -1 6 0 6 -3
C:QB_gAZQ{Q _1}—3[_1 2}:[4 _2}—3{_3 6}’

therefore, we conclude that
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We now summarize the main properties of the matrix linear combination.

Theorem 2.2.2. For all matrices A, B € F™" and all scalars a, b € F, hold:

(a) (ab)A = a(bA), (associativity);

(b) a(A+B)=aA+aB, (distributivity);

(c) (a+b)A = aA+ DA, (distributivity);

(d) TA=A, (1 € R is the identity).

The definition of linear combination of matrices is defined as the linear combination of their
components, which are real of complex numbers. Therefore, all properties in Theorem
on linear combinations of matrices are obtained from the analogous properties on the linear

combination of real or complex numbers.
Proof of Theorem [2.2.2t We use components notation.

(@):

©):
[a(A+ B)]

@:

[(ab)A} .= (ab)A” = a(bAij) = a(bA)Z-j = [CL(bA)]

1] ij”

ij = (I(A + B)U = CL(Aij + Blj) = aAij + aBij = (CLA)l'j + (aB)ij = [CLA + aB] i’

[(a + b)A} g = (Cl + b)A,’j = G,Aij + bA” = (aA)ij + (bA)w = [aA + bA] i
(d:
O
2.2.2. The transpose, adjoint, and trace of a matrix. Since matrices are generaliza-
tions of scalar-valued functions, one can define operations on matrices that, unlike linear

combinations, have no analogue on scalar-valued functions. One of such operations is the
transpose of a matrix, which is a new matrix with the rows and columns interchanged.

Definition 2.2.3. The transpose of a matriz A = [A;;] € F™" is the matriz denoted as
AT = [(AT) ] € F™™, with its components given by
T _
(A7) = Au.

ExaMPLE 2.2.2: Find the transpose of the 2 x 3 matrix A = {1 3 5} .

2 4 6

SOLUTION: Matrix A has components A;; with 7 = 1,2 and j = 1,2,3. Therefore, its
transpose has components (A”);; = A;;, that is, AT has three rows and two columns,

1 2
AT =13 4
5 6

EXAMPLE 2.2.3: Show that the transpose operation satisfies (AT)T = A.
SOLUTION: The proof is:
[(AT)T],; = (AT)ji = Ayj.
An example of this property is the following: In Example we showed that
{1 3 5} T :1)) i
2 4 6 5 6
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Therefore,
T

T
<{135r>éi {135}
2 4 6 - 2 4 6

If a matrix has complex-valued coefficients, then the complex conjugate of a matrix, also
called the conjugate, is defined as the conjugate of each component.

<

Definition 2.2.4. The complex conjugate of a matriz A = [A;;] € F™" is the matriz

A= [Z”} e Fm™n,

EXAMPLE 2.2.4: Find the conjugate if matrix A = { 1 2+ ] .

-t 34

SOLUTION: We have to conjugate each component of matrix A, that is,
— 12—
A= [z 34+ 41} ’

EXAMPLE 2.2.5: Show that a matrix A has real coefficients iff A = A; and a matrix has
purely imaginary coefficients iff A = —A. Show one example of each case.

<

SorLuTION: The first condition is A = A, that is, A;; = A;; holds for every matrix component,
which implies 2i Im(4;;) = A;; — A;; = 0. Therefore, every matrix component A;; is real.
The second condition is A = —A, that is, A;; = —A;; holds for every matrix component,
which implies 2Re(4;;) = Ai; + A;; = 0. Therefore, every matrix component A;; is purely
imaginary. Here are examples of these two situations:

12 12
A:[?) 4] - A:{g AJ:A,
P2 ~ [—i -2
A_[Si 42'] ~ A_{:ay: g T A

Definition 2.2.5. The adjoint of a matriz A € F"™" is the matrizc A* = AT e Frm,

It is not difficult to show, using components, that (K)T = (AT), that is, the order of the
transpose an conjugate operation does not change the resulting matrix. This property is
the reason why there is no parenthesis in the definition of A*.

1 2+i]

ExaMpLE 2.2.6: Find the adjoint of matrix A = {—i 344

SOLUTION: We need to switch rows with columns and complex conjugate the result, that is,
« |1 i
P =lli sia)
<

The transpose, conjugate and adjoint operations are useful to specify different matrix classes
having particular symmetries. These matrix classes are the symmetric, the skew-symmetric,
the Hermitian, and the skew-Hermitian matrices. Here is a precise definition.
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Definition 2.2.6. An n x n matriz A is called:
(a) symmetric iff holds A = AT;

(b) skew-symmetric iff holds A = —AT;

(¢) Hermitian iff holds A = A*;

(d) skew-Hermitian iff holds A = —A*.

ExaMPLE 2.2.7: We present examples of each of the classes introduced in Def. 2.2.6]
Part ([@): Matrices A and B are symmetric. Notice that A is also Hermitian, while B is
not Hermitian,

1 2 3 1 2+31 3
A= |2 7 4| =AT, B=|2+3i 7 4i| = BT,
3 4 8 3 4 8
Part ([0): Matrix C is skew-symmetric,
0o -2 3 0 2 -3
C=1] 2 0 —4 = CT=|-2 0 4| =-C.
-3 4 0 3 -4 0
Notice that the diagonal elements in a skew-symmetric matrix must vanish, since C;; = —C};
in the case ¢ = j means Cj; = —Cj;, that is, Cy; = 0.
Part ([@): Matrix D is Hermitian but is not symmetric:
1 241 3 1 2—1 3
D={(2—-1 7 4+ = DT = |2+ 7 4 —14| #£D,
3 4—1 8 3 441 8
however,
. 1 241 3
D*=D = |2—1 7 4+1i| =D.
3 4—1 8

Notice that the diagonal elements in a Hermitian matrix must be real numbers, since the

condition A;; = Aj; in the case ¢ = j implies A;; = A;;, that is, 2iIm(A;;) = Ai; — Ay = 0.

We can also verify what we said in part (@), matrix A is Hermitian since A* = AT = AT = A.
Part (d): The following matrix E is skew-Hermitian:

i 2+1 -3 i -2+ 3
E=|-2+414 T 4+ = ET"=|2+i 7i —441

3 —4+1 8 -3 4+ 81

therefore,
. - —2—1 3
E*=E |2—-7¢ -7 —-4—i|=-E
-3 4-—i -8

A skew-Hermitian matrix has purely imaginary elements in its diagonal, and the off diagonal
elements have skew-symmetric real parts with symmetric imaginary parts. <

The trace of a square matrix is a number, the sum of all the diagonal matrix coefficients.

Definition 2.2.7. The trace of a square matriz A = [Aij] € F™", denoted as tr (A) € F,
is the scalar given by

tr(A) = Ay + -+ Apn.
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EXAMPLE 2.2.8: Find the trace of the matrix A =

N &~ =
o Ot N
©O© O W

SoLuTIiON: We add up the diagonal elements: tr (A) =145+ 9, that is, tr (A) =15. <

2.2.3. Linear transformations on matrices. The operation of computing the transpose
matrix can be thought as function on the set of all m x n matrices. The transpose operation
is in fact a function T : F™" — F™™ given by T'(A) = A”. In a similar way, the operation
of computing the trace of a square matrix can be thought as a function on the set of all
square matrices. The trace is a function tr : F™" — F, where tr (A) = A11+ -+ A,p. One
can verify that transpose function 7" and the trace function tr are indeed linear functions.

Theorem 2.2.8. Both the transpose function T : F™" — F™™  given by T(A) = AT, and
the trace function tr : F™"™ — F, given by tr (A) = A11 + -+ A,p, are linear functions.

Proof of Theorem [2.2.8 We start with the transpose function T'(A) = AT, which in
matrix components has the form (T (A))ij = Aj;. Therefore, given two matrices A, B € F™"
and arbitrary scalars a, b € I, holds.

(T'(aA + bB))

(aA + bB)ji
= aAji + iji
=a(T(A),; +b(T(B)),,,

)

j

so we conclude that

T(aA+bB) =aT(A)+bT(B),
showing that the transpose operation is a linear function. We now consider the trace func-
tion. Given any two matrices all A, B € ™" and arbitrary scalars a, b € F, holds,

tr (aA + bB) =

-

(aA + bB)

(2

i=1

|'M:

(aAi+bBi)

i=1
= ZAM +b Z Bis
i=1 i=1
= atr (A) + btr (B).

This shows that the trace is a linear function. This establishes the Theorem. O
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2.2.4. Exercises.

2.2.1.- Construct an example of a 3 X 3 ma-
trix satisfying:
(a) Is symmetric and skew-symmetric.
(b) Is Hermitian and symmetric.
(¢) Is Hermitian but not symmetric.

2.2.2.- Find the numbers z, y, z solution of
the equation
Sz +2 y+3] _[3 6 r
3 0| |y =z
2.2.3.- Given any square matrix A show

that A+A7 is a symmetric matrix, while
A — AT is a skew-symmetric matrix.

2.2.4.- Prove that there is only one way
to express a matrix A € F™" as a
sum of a symmetric matrix and a skew-
symmetric matrix.

2.2.5.- Prove the following statements:

(a) If A = [Ay;] is a skew-symmetric
matrix, then holds A;; = 0.

(b) If A = [A;;] is a skew-Hermitian
matrix, then the non-zero coeffi-
cients A;; are purely imaginary.

(c) If Ais areal and symmetric matrix,
then B = {A is skew-Hermitian.

2.2.6.- Prove that for all A, B € F"™" and
all a, b € F holds
(aA+bB)* =aA* +bB".
2.2.7.- Prove that the transpose function

T : F™"™ — F™™ and trace function
tr : F™"™ — F are linear functions.
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2.3. MATRIX MULTIPLICATION

The operation of matrix multiplication originates in the composition of functions. We
call this operation a multiplication since it reduces to the multiplication of real numbers in
the case of 1 x 1 real matrices. Unlike the multiplication of real numbers, the product of
general matrices is not commutative, that is, AB # BA in the general case. This property
reflects the fact that the composition of two functions is a non-commutative operation. In
this Subsection we first introduce the multiplication of two matrices using the matrix vector
product. We then introduce the formula for the components of the product of two matrices.
Finally we show that the composition of two matrices is their matrix product.

2.3.1. Algebraic definition. Matrix multiplication is defined using the matrix-vector prod-
uct. The product of two matrices is the matrix-vector product of one matrix with each
column of the other matrix.

Definition 2.3.1. The matriz multiplication of the m xn matrix A with the n x £ matriz
B = [B;l, e ,B;g], denoted by AB, is the m x £ matriz given by AB = [AB:l, e ,AB;(;}.

The product is not defined for two arbitrary matrices, since the size of the matrices is
important: The numbers of columns in the first matrix must match the numbers of rows in
the second matrix,

A times B defines  AB
mxXmn nx/ m X £

We assign a name to matrices satisfying this property.

Definition 2.3.2. Matrices A and B are called conformable in the order A, B, iff the
product AB is well defined.

ExaMmpLE 2.3.1: Compute the product of the matrices A and B below, which are conformable
in both orders AB and BA, where

2 -1 3 0
=R )
SOLUTION: Following the definition above we compute the product in the order AB, namely,

o= sl = [r o] LS| = [532] o3[ e[

Using the same definition we can compute the product in the opposite order, that is,

_ _ 2 —1{| _[|6-0] [-34+0 |6 =3
o omon - [ )[4 [0
This is an example where we have that AB # BA. <

The following result gives a formula to compute the components of the product matrix
in terms of the components of the individual matrices.

Theorem 2.3.3. Consider the m x n matriz A = [A;;] and the n x ¢ matriz B = [Bjy],
where the indices take values as follows: i =1,--- ,m, j=1,--- nandk=1,--- L. The
components of the product matriz AB are given by

(AB)ir, = Z AijBijk. (2.4)

j=1
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We recall that the symbol Z?:l in Eq. 24) means to add up all the terms having the
index j starting from j = 1 until j = n, that is,

Z AijBjr = ApBig + AipBop + - - - + Ain B

j=1
Proof of Theorem [2.3.3t The column k of the product AB is given by the column vector
AB.;. This is a vector with m components,

21 A1 B
AB:k - )
> i1 AmjBjk
therefore the i-th component of this vector is given by
n
(AB)ik = > _ Ai;Bjg.
j=1

This establishes the Theorem. ]

EXAMPLE 2.3.2: We now use Eq. ([24) to find the product of matrices A and B in Exam-
ple 2371 The component (AB)1; = 4 is obtained from the first row in matrix A and the
first column in matrix B as follows:

Rl A R O RS E R

The component (AB);2 = —1 is obtained as follows:

200k -0 A eoscon--

The component (AB)s; = 1 is obtained as follows:

T | e O OB E R

And finally the component (AB)ss = —2 is obtained as follows:

2 1113 0O 4 1
T | A ) R F S ORRC )
<
We have seen in Example [2.3.1] that the matrix product is not commutative, since in that
example AB # BA. In that example the matrices were conformable in both orders AB and
BA, although their products do not match. It can also be possible that two matrices A and

B are conformable in the order AB but they are not conformable in the opposite order. That
is, the matrix product is possible in one order but not in the other order.

ExAMPLE 2.3.3: Consider the matrices
4 3 1 2 3
S I
These matrices are conformable in the order AB but not in the order BA. In the first case

we obtain
4 31 2 3 16 23 30
AB{Q 1] [4 5 6] ~ AB{G 9 12}‘

The product BA is not possible. <



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 59

ExamMpLE 2.3.4: Column vectors and row vectors are particular cases of matrices, they are
n x 1 and 1 X n matrices, respectively. We denote row vectors as transpose of a column
vector. Using this notation and the matrix product, compute both products v'u and uv?,
where the vectors are given by
]2 |5
=i =0

SOLUTION: In the first case we multiply the matrices 1 x 2 and 2 x 1, so the result isa 1 x 1
matrix, a real number, given by,

viu=[5 1] [g} = viu=13.

In the second case we multiply the matrices 2 x 1 and 1 X 2, so the result is a 2 X 2 matrix,

2 10 2
uvT:[S} [5 1] = uvT—{15 5}

<

It is well-known that the product of two numbers is zero, then one of them must be zero.
This property is not true in the case of matrix multiplication, as it can be seen below.

ExXAMPLE 2.3.5: Compute the product AB where A = {_11 _11] and B = E :ﬂ

SOLUTION: It is simple to check that

1 -1 (1 -1 0 0
o[t Y+ aeee

The product is the zero matrix, although A # 0 and B # 0. <

2.3.2. Matrix composition. The product of two matrices originates in the composition
of the linear functions defined by the matrices. This can seen in the following result.

Theorem 2.3.4. Given the m x n matriz A : F* — F™ and the n x { matriz B : F¢ — F",
their composition is a function

AOBi]Féi)F" LFm’
which is an m X £ matriz given by the matriz product of A and B, that is, Ao B = AB.

Proof of Theorem [2.3.4t The composition of the function A and B is defined for all x € F*
as follows

(Ao B)z=A(Bx).

Introduce the usual notation B = [B.j,---,B.]. Then, the composition A o B can be re-
expressed as follows,

1
(AOB):II:A([Bl’ 7B:€] ) :A<B:1$1+"'+B:Z:L‘Z)-
Ty
Since the matrix-vector product is a linear operation, we get

(A o B).’D = A(B;lxl) —+ -+ A(B;ga)‘g) = (AB;l).’L‘l —+ -4 (AB:g).’L‘g



60 G. NAGY - LINEAR ALGEBRA juLy 15, 2012

where the second equation comes from the definition of matrix multiplication. Then, using
again the definition of matrix-vector product,
x
(AOB)(L': [ABla 7AB€] = (AOB)CC: (AB)X
Ty

This establishes the Theorem. O

EXAMPLE 2.3.6: Find the matrix T : R?2 — R? that produces a rotation by an angle 6;
counterclockwise and then another rotation by an angle 6> counterclockwise.

SOLUTION: Let us denote by Ry the matrix that performs a rotation on the plane by an
angle 6 counterclockwise, that is,

o= [ty )

The matrix T is the the composition T = Ry, o Ry,. Since the matrix of a composition of
these two rotations can be obtained computing the matrix product of them, then we obtain

TR R, — cos(fz) —sin(fs)] [cos(61) —sin(fy)
R0 sin(fy)  cos(fa) | [sin(f1)  cos(fy) |
The product above is given by
cos(fa) cos(61) — sin(fs) sin(f1)  — [sin(6;) cos(fa) + sin(62) cos(61)]
sin(61) cos(f2) + sin(fz) cos(61)  —sin(fs) sin(f) + cos(f2) cos(61) |-
The formulas
cos(f1 + 63) = cos(fz) cos(01) — sin(fhy) sin(6y)
sin(f + 62) = sin(61) cos(0z) + sin(h3) cos(61),
imply that
cos(fy + 03) —sin(0; + 6)
Sin(91 -+ 92) 605(01 -+ 92)
Notice that we have obtained a result that it is intuitively clear: Two consecutive rotations

on the plane is equivalent to a single rotation by an angle that is the sum of the individual
rotations, that is,

R92 R9| = R92+91 .
In particular, notice that the matrix multiplication when restricted to the set of all rotation
matrices on the plane is a commutative operation, that is,

R92 Rgl = Rgl R92, 01,05 € R.
<

In Examples2.3. 7 and 238 below we show that the order of the functions in a composition
change the resulting function. This is essentially the reason behind the non-commutativity
of the matrix multiplication.

EXAMPLE 2.3.7: Find the matrix T : R? — R? that first performs a rotation by an angle
/2 counterclockwise and then performs a reflection along the x; = x5 line on the plane.

SOLUTION: The matrix T is the composition the rotation R, /o with the reflection function

A, given by
0 -1 0 1
ol (I B i
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The matrix T is given by

0 1} |0 -1 1 0
T= AR, = [1 O} [1 0} S T [0 J.
Therefore, the function T is a reflection along the horizontal line x5 = 0. <

EXAMPLE 2.3.8: Find the matrix S : R? — R2 that first performs a reflection along the
21 = x9 line on the plane an then performs a rotation by an angle 7/2 counterclockwise.

SOLUTION: The matrix S is the composition the reflection function A and then the rotation
Ry /2, given in the previous Example 223.7 The matrix S is the given by

0 —-1/{0 1 -1 0
SR,T/QAL 0H1 0} - s{o 1]
Therefore, the function S is a reflection along the vertical line z; = 0. <

2.3.3. Main properties. We summarize the main properties of the matrix multiplication.

Theorem 2.3.5. The following properties hold for all m x n matrix A, n X m matriz B,
n X £ matrices C, D, and £ x k matriz E:

(a) AB = BA in the general case, so the product is non-commutative;
(b) A(C+D)=AC+ AD, and (C+ D)E = CE + DE;

(¢) A(CE) = (AC)E, associativity;

(d) 1, A=Al, =A;

(e) (AC)T = CTA”T, and (AC)* = C*A*.

(f) tr (AB) = tr (BA).

Proof of Theorem [2.3

Part @): When m # n the matrix AB is m x m while BA is n x n, so they cannot be
equal. When m = n, the matrices in Example 2.3.4] and Bl show that this product is not
commutative.

Part (D): This property can be shown as follows:

A(C+ D) =A([C1,++ , Ct] + [Dars--- :})
=A[(C1+D ) ,(:£+D:£)]
= [A(C:y + Di),--- ,A(Cip + Duy)]
— [(AC., +AD -, (AC. + AD.)]
= [AC.,--- ,AC;@] + [AD.1,- -+ ,AD.]
= AC + AD.

The other equation is proven in a similar way.
Part (@): This property is proven using the component expression for the matrix product:

Z A (CE)y Z A (Z CuiEi );

however, the order of the sums can be interchanged,

Z A, (Z CklElj> = Z (i Aikckl)Elj;

=1 k=1
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So, from this last expression is not difficult to show that:

£

n 4
Z(Z Aikckl)Elj = Z(AC)HEU = [(AC)E] ij?

=1 k=1 1=1
We have just proved that
[ACB)],, = [(AC)E] .
Part (d): We can use components again, recalling that the components of I, are given
by (Im)ij = 0if i # j and is (I,,); = 1. Therefore,

m

= (Im)inArj = (Im)iiA;; = Ajj.
k=1

Analogously,

n

(AL = AirTn)k; = Aij(In)jj = Asj.
k=1

Part (@): Use components once more:

n

[(AC)"],, = (AC);s = ZAjkc,ﬂ = > (A1) (CT )i zn: CTYin( = [CTAT] .
k=1

ij
k=1 k=1

The second equation follows from the proof above and the property of the complex conjugate:
(AC) = AC.
Indeed

(AC)" = (AC)T = CTAT = CT AT = C*A".
Part (fl): Recall that the trace of a matrix A is given by

Then it is simple to see that

i=1 j=1 i=1 j=1 j=1 i=1
This establishes the Theorem. O

We use the notation A2 = AA, A> = A%A, and A" = A" 'A. Notice that the matrix
product is not commutative, so the formula (a + b)? = a? + 2ab + b? does not hold for
matrices. Instead we have:

(A+B)?>=(A+B)(A+B) =A%+ AB + BA + B%

2.3.4. Block multiplication. The multiplication of two large matrices can be simplified
in the case that each matrix can be subdivided in appropriate blocks. If these matrix blocks
are conformable the multiplication of the original matrices reduces to the multiplication of
the smaller matrix blocks. The next result is presents a simple case.
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Theorem 2.3.6. If A is an m X n matriz and B is an n X £ matriz having the following
block decomposition,

A11 . A12 mi1 X ny mi1 X No
A= | o , A= | ,
| Aoy A Mo X M Mo X Mo
Bll 812 ny X fl ny X €2
B=|..oooooon.. , B= | oo, :
_821 . ng_ PR b1 0 no Xl

A11B11 + A12Boy : Ai1Bia + A12Bas my X {q : my X o

A21Bi1 +ABar  © AgBia + AxBo ma X ly i mg X Uy

The proof is a straightforward computation, so we omit it. This type of block decomposi-
tion is useful when several blocks are repeated inside the matrices A and B. This situation
appears in the following example.

ExAMPLE 2.3.9: Use block multiplication to find the matrix AB, where

1 2 1 0] 1 0 1 2
3 4 0 1 01 3 4
A_1000’8_0012
01 0 0 0 0 3 4

SOLUTION: These matrices have the following block structure:

12 11 0 10 51 2
3.4 ° 01 01 3 4
A= ..o . O B= | ,
1 0:00 00 12
01 : 0 0 0 0 : 3 4]

so, introduce the matrices

bl by

then, the original matrices have the block form
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So, the only calculation we need to do is the matrix C? + C, which is given by
8 12
18 26|°

If we put all the information above together, we get

C2+C—{

3 4 18 26 L2802
AR — o Ag_ |3 4 18 26
T =17 0 1 >

1 0 : 1 2 01 3 4

<

ExAMPLE 2.3.10: Given arbitrary matrices A, that is n X k, and B, that is k X n, show that
the (k +n) x (k + n) matrix C below satisfies C? = |,,, 1, where

2A —ABA : AB-—1,

SOLUTION: Notice that AB is an n x n matrix, while BA is an k x k matrix, so the definition
of C implies that

kxk kxn
C=iii.

nxk nxn

Using block multiplication we obtain:
(I — BA) B (I — BA) B
Cl= | =
(2A —ABA) : (AB-1,)| [(2A—ABA) : (AB—1,)
(I, — BA)(lx — BA) + B(2A — ABA) : (I —BA)B+B(AB —1,)

(2A — ABA)(I, — BA) + (AB —1,,)(2A — ABA) : (2A — ABA)B + (AB —1,,)(AB — 1)

Now, notice that the block (1,1) above is:

(I — BA)(lx — BA) + B(2A — ABA) = |, — BA — BA + BABA + 2BA — BABA = |,
The block (1,2) is:

(I, —BA)B+B(AB—1,) =B—-BAB+BAB—-B =0.
The block (2,1) is:
(2A — ABA) (I, — BA) + (AB — 1,,)(2A — ABA) =
2A — 2ABA — ABA + ABABA + 2ABA — ABABA — 2A + ABA = 0.

Finally, the block (2,2) is:

(2A — ABA)B + (AB — I,)(AB —I,,) = 2AB — ABAB + ABAB — AB — AB + |, = |,.
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Therefore, we have shown that: C2 = |......... = lptn. 4

2.3.5. Matrix commutators. Matrix multiplication is in general not commutative. Given
two n X n matrices A and B, their product AB is in general different from BA. We call the
difference between these two matrices the commutator of A and B.

Definition 2.3.7. The commutator of two n X n matrices A and B, is the matriz
[A,B] = AB — BA.
Furthermore, we say that the square matrices A, B commute iff holds [A,B] = 0.

Therefore, the symbol [A, B] denotes an n x n matrix, the commutator of A and B. The
commutator of two operators defined on an inner product space is an important concept
in quantum mechanics. When we say an operator, we should think in something like a
matrix, and when we say an inner product space, we should think in something like F"*. An
observation of a physical property, like position or momentum, of a quantum mechanical
system, like an electron, is described by an operator acting on a vector, the latter describing
the state of the quantum mechanical system. By observing nature, one discovers that two
properties can be simultaneously measured without limit in the measurement precision iff
the associated operators commute. If the operators do not commute, then their commutator
determines the maximum precision of their simultaneous observation. This is the physical
content of the Heisenberg uncertainty principle.

EXAMPLE 2.3.11: We have seen in Example 2:3.6] that two rotation matrices R(#1) and R(62)
commute for all 1, 6> € R, that is,

[R(01),R(62)] = R(61)R(02) = R(62)R(61) = [R(01),R(02)] = 0.

Theorem 2.3.8. For all matrices A, B, C € F™" and scalars a, b, ¢ € F holds:

(a) [A,B] = —[B, A], (antisymmetry);

(b) [aA,bB] = ab[A, B], (linearity);

(c) [A,B+C] =[A,B]+[A,(C], (linearity on the right entry);
(d) [A+B,C]=[A,C]+[B,(C], (linearity on the left entry);
(e) [A,BC] = [A,B]C+ BJA, (], (right derivation property);
(f) [AB,C] =[A,C]B + A[B, (], (left derivation property);

(9) [[A,B],C] + [[C,A],B] + [[B,C],A] =0, (Jacobi property).

Proof of Theorem [2.3.8t All properties are simple to show.
Part (@):
[A,B] = AB—BA = —(BA - AB) = —[B,A].

Part ([):
[aA, bB] = aAbB — bBaA = ab(AB — BA) = ab[A, B].

Part (@):
[A,B+C=AB+C)—(B+CA=AB+AC—BA—-CA=[AB]+]AC.

Part (d): The proof is similar to the previous calculation.
Part (@):

[A,BC] = A(BC) — (BC)A = ABC + (BAC — BAC) — BCA = [A, B|C + B[A, C].

Part (): The proof is similar to the previous calculation.
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Part (g): We write down each term and we verify that they all add up to zero:
[[A7 B], C] = (AB — BA)C — C(AB — BA);
[[C, Al, B] = (CA—-AC)B — B(CA — AQ);
[[B, q], A] = (BC—- CB)A — A(BC — CB).

These three equations add up to the zero matrix. This establishes the Theorem. O
We finally highlight that these properties implies that [A, A™] = 0 holds for all m € N.

Further reading. Almost every book in linear algebra explains matrix multiplication. See
Section 3.5 in Meyer’s book [3], and Section 3.6 for block multiplication. Also Strang’s
book [4]. The definition of commutators can be found in Section 2.3.1 in Hassani’s book [1].
Commutators play an important role in the Spectral Theorem, which we study in Chapter @
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2.3.6. Exercises.

2.3.1.- Given the matrices

1 -2 3 1 2
A=1]10 -5 4|,B=|0 4],
4 -3 8 3 7
1
and the vector C = |2, compute the
3

following products, if possible:
(a) AB, BA, CB and C”B.
(b) A%, B2 C*C and CCT.

2.3.2.- Consider the matrices

S K

(a) Compute [A,B].
(b) Find the product ABC.

2.3.3.- Find A% and A® for the matrix

0 1 1
A=(0 0 1
0 0 O

2.3.4.- Given a real number a find the ma-
trix A", where n is any positive integer

and
1 a
-y
2.3.5.- Given any square matrices A, B,
prove that

(A+B)*> = A’ +2AB+B” & [A,B] =0.

2.3.6.- Given a = 1/3, divide the matrix

1 0 0 a a a
01 0 a a a
0 0 1 a a a
A_OOOaaa
0 0 0 a a a
0 0 0 a a a

into appropriate blocks, and using block
multiplication find the matrix A3%°.

2.3.7.- Prove that for all matrices A € F™™
and B € F™™ holds

tr (AB) = tr (BA).

2.3.8.- Let A be an m X n matrix. Show
that tr (A"A) =0 iff A = 0.

2.3.9.- Prove that: If A, B € F™" are
symmetric matrices and commute, then
their product AB is also a symmetric
matrix.

2.3.10.- Let A be an arbitrary n X n ma-
trix. Use the trace function to show
that there exists no n X n matrix X so-
lution of the matrix equation

A X] = 1.
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2.4. INVERSE MATRIX

In this Section we introduce the concept of the inverse of a square matrix. Not every
square matrix is invertible. In the case of 2 x 2 matrices we present a condition on the
matrix coefficients that is equivalent to the invertibility of the matrix, and we also present
a formula for the inverse matrix. Later on in Section we generalize this formula for
n X n matrices. The inverse of a matrix is useful to compute solutions to systems of linear
equations.

2.4.1. Main definition. We start recalling that the matrix |,, € F™" is called the identity
matriz iff holds that l,,x = x for all x € F”. Choosing the vector x = e;, consisting of a 1 in
the row 7 and zero every where else, it is simple to see that the components of the identity
matrix are given by

l, = [I p [l
—[7.. it
n [l] w1 {IUZO, Z#]
The cases n = 2 and n = 3 are shown below,
1 00
|2:|:(1) (1):|7 |3=0 1 0
0 0 1
We also use the column vector notation for the identity matrix,
|n = [elf T 7en]a
that is, we denote the identity column vectors |.; = e; for i = 1,--- ,n. For example, in the
case of I3 we have that
1 00 1 0 0
I3:[e17e2,e3]: 01 0 = e = (0|, e= |1, e3=]0
0 0 1 0 0 1
We are now ready to introduce the notion of the inverse matrix.

Definition 2.4.1. A matriz A € F'™" is called invertible iff there exists a matriz, denoted
as A7, such that (A"1)A =1, and A(A™!) =1,.

Since the matrix product is non-commutative, the products A(A™!) =1, and (A~!)A =
l,, must be specified in the definition above. Notice that we do not need to assume that the
inverse matrix belongs to F™", since both products A(A_l) and (A_l)A are well-defined,
we conclude that the inverse matrix must be n x n.

EXAMPLE 2.4.1: Verify that the matrix and its inverse are given by
2 2 4 1[3 -2
A_L 3]’ A _4[—1 2]'
SOLUTION: We have to compute the products,
Sy (2 2013 =21 _1]4 0 1y
A(A ){134—1 2| =2lo 4| = AAT) =l
It is simple to check that the equation (A_l)A = |l also holds. <

ExaMpPLE 2.4.2: The only real numbers that are equal to is own inverses are a = 1 and
a = —1. This is not true in the case of matrices. Verify that the matrix A below is its own

inverse, that is,
R
acfb 1w
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SOLUTION: We have to compute the products,

A(A—l)z[é _11} [é _ﬂ:{é ﬂ = A(ATY) =l

It is simple to check that the equation (Afl)A = |5 also holds. <

Not every square matrix is invertible. The following Example show a 2 x 2 matrix with no
inverse.

EXAMPLE 2.4.3: Show that matrix A = [3 6

! 2} has no inverse.

SOLUTION: Suppose there exists the inverse matrix

-1 __ |a b
=l
Then, the following equation holds,

sah =t e gl [d =l 1)

The last equation implies
a+2c=1, b+ 2d =0,
3(a+2¢) =0, 3(b+2d) =1.
However, both systems are inconsistent, so the inverse matrix A~! does not exist. <
In the case of 2 X 2 matrices there is a simple way to find out whether a matrix has

inverse or not. If the 2 x 2 matrix is invertible, then there is a simple formula for the inverse
matrix. This is summarized in the following result.

Theorem 2.4.2. Given a 2 X 2 matriz A = Z] , introduce the number A = ad — bc.
The matriz A is invertible iff A # 0. Furthermore, if A is invertible, its inverse is given by
1 | d -b
-1 _
oot 25)

The number A is called the determinant of A, since it is the number that determines whether
A is invertible or not, and soon we will see that it is the number that determines whether
a system of linear equations has a unique solution or not. Also later on we will study
generalizations to n X n matrices of the Theorem above. That will require a generalization
to n x n matrices of the determinant A of a matrix.

ExXAMPLE 2.4.4: Compute the inverse of matrix A = } , given in Example 2471

2
13

SoLUTION: Following Theorem [2.4.2] we first compute A = 6 — 4 = 4. Since A # 0, then
A~ exists and it is given by

4

_ 1[3 -2
1—7
A
<

ExaMPLE 2.4.5: Theorem [2.4.21says that the matrix in Example [2.4.3]is not invertible, since

A:B a = A=6-(3)(2) = A=—o0.
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Proof of Theorem 2.4.2k If the matrix A~! exists, from the definition of inverse matrix
it follows that A~! must be 2 x 2. Suppose that the inverse of matrix A is given by

AL = rr W
Ty Yo
We first show that A=! exists iff A # 0.

The 2 x 2 matrix A™! exists iff the equation A(A™!) = Iy, which is equivalent to the
systems

[a b] [331 yl} B [1 Q:| ari + bxry =1, ayy + bys =0,

2.
c d] |2 Y2 0 1 cxy + dxg =0, cyr +dys = 1. (2:6)

Consider now the particular case a = 0 and ¢ = 0, which imply that A = 0. In this case the
equations above reduce to:

bLL'Q = 1, by2 = 0,

dCEQ = 0, dyg =1.
These systems have no solution, since from the first equation on the left b # 0, and from the
first equation on the right we obtain that yo = 0. But this contradicts the second equation
on the right, since dys is zero and so can never be equal to one. We then conclude there is
no inverse matrix in this case.

Assume now that at least one of the coefficients a or ¢ is non-zero, and let us return to

Eqgs. [2.6]). Both systems can be solved using the following augmented matrix

a b 1 0
c d 0 1
Now, perform the following Gauss operations:

ac bc c 0 _ fac be c 0| |ac bc c 0
ac ad 0 a 0 ad—bc —c a| |0 A —c a

At least one of the source coefficients in the second row above is non-zero. Therefore, the
system above is consistent iff A # 0. This establishes the first part of the Theorem.

In order to prove the furthermore part, one can continue with the calculation above, and
find the formula for the inverse matrix. This is a long calculation, since one has to study
three different cases: the case a = 0 and ¢ # 0, the case a # 0 and ¢ = 0, and the case
where both a and ¢ are non-zero. It is faster to check that the expression in the Theorem
is indeed the inverse of A. Since A # 0, the matrix in Eq. (23] is well-defined. Then, the
straightforward calculation

iy _|a b1 pd b 1} A —ab+ba|
A(A ) o [c d} A [—c al A |ecd—dc A =l2.
It is not difficult to see that the second condition (A™')A = I is also satisfied. This
establishes the Theorem. O

There are many different ways to characterize n x n invertible matrices. One possibility is
to relate the existence of the inverse matrix to the solution of appropriate systems of linear
equations. The following result summarizes a few of these characterizations.

Theorem 2.4.3. Given a matrizc A € F™", the following statements are equivalent:

(a) The matriz A~' ewists;

(b) rank(A) = n;

(C) EA = In;

(d) The homogeneous equation Ax = 0 has a unique solution x = 0;

(e) The non-homogeneous equation Ax = b has a unique solution for every source b € F™.
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Proof of Theorem [2.4.3F It is clear that properties (D)-(d)) are all equivalent. Here we
only show that (@) is equivalent to (L.

We start with @) = (B)): Since A=! exists, the homogeneous equation Ax = 0 has a unique
solution x = 0. (Proof: Assume there are two solutions x; and xa, then A(xa —x;) =0, and
50 (xg —x1) = A7!A(xo — x1) = A710 = 0, and so xo = x;.) But this implies there are no
free variables in the solutions of Ax = 0, that is, Ex = |,,, that is, rank(A) = n.

We finish with (D) = (@): Since rank(A) = n, the non-homogeneous equation Ax = b has
a unique solution x for every source vector b € R™. In particular, there exist unique vectors
X1, ,Xp solutions of

Ax; =e1, - Ax, =e,.
where e; is the i-th column of the identity matrix l,,. This is equivalent to say that the
matrix X = [xl, e ,xn] satisfies the equation
AX = 1,.
This matrix X = A~! since X also satisfies the equation XA = I,,. (Proof: Consider the
identities
A-A=0 & AXA-A=0 < AXA-I,) =0
The last equation is equivalent to the n systems of equations Ay; = 0, where y; is the i-th
column of the matrix (XA — 1,); Since rank(A) = n, each of these systems has a unique
solution y; = 0, that is, XA = 1,,.) This establishes the Theorem. O
It is simple to see from Theorem [Z.4.3] that an invertible matrix has a unique inverse.

Corollary 2.4.4. An invertible matrix has a unique inverse.

Proof of Corollary [2.4.4k Suppose that matrices X and Y are two inverses of an n X n
matrix A. Then, AX = |,, and AY = |,,, hence A(X —Y) = 0. The latter are n systems of
linear equations, one for each column vector in (X —Y). From Theorem 2.4.3 we know that
rank(A) = n, so the only solution to these equations is the trivial solution, so each column
vector vanishes, therefore X =Y. O

2.4.2. Properties of invertible matrices. They are summarized below.

Theorem 2.4.5. If A and B are n x n invertible matrices, then holds:
(a) (A1) =A;
(b) (AB) ™' =B~1A~1;
(c) (A7) " = (A71)".
Proof of Theorem Since an invertible matrix is unique, we only have to verify
these equations in (@)-(@).
Part (@): The inverse of A~! is a matrix (A_l)_1 satisfying the equations

() Ay =1 ([ =
But matrix A satisfies precisely these equations, and recalling that the inverse of a matrix
is unique, then A = (A_l)fl.
Part (B): The proof is similar to the previous one. We verify that matrix (B_l) ((A_l)

satisfies the equations that (AB)~! must satisfy. Then, they must be the same, since the
inverse matrix is unique. Notice that,

(B~'A")(AB) =B~'(A"'A)B,  (AB)(B"'A"!) =A(BB A,
= (B7)B, =A(AT),

= l,; =1,.
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We then conclude that (AB)_1 =B AL
Part ([@): Recall that (AB)T = BTAT, therefore,

(A DHA=1, < [AHA]"=1Z & AT(AH =1,
AA Y =1, = [AAYH] =T & (AHAT=1,

Therefore, (A_l)T = (AT)_l. This establishes the Theorem. (|
The properties presented above are useful to solve equations involving matrices.

EXAMPLE 2.4.6: Find a matrix C solution of the equation (BC)T — A = 0, where

1 2

A=|3 4], B:E 21].
-1 -1

SoLUTION: The matrix B is invertible, since A(B) = 3, and its inverse is given by

112 1
-1 _
5 =3 [—1 1] '
Therefore, matrix C is given by
(BO)"=A & BC=A" & C=B!AT,

172 111 3 =2 1[4 10 -5
ng[—1 1] [2 1 —1] = Cg{l 1 1}

EXAMPLE 2.4.7: The (n+ k) x (n+ k) matrix C introduced in Example 2Z3.T0] satisfies the
equation C? = I,,;. Therefore, matrix C is its own inverse, that is, C™! = C. <

that is,

<

2.4.3. Computing the inverse matrix. We now show how to use Gauss operations to find
the inverse matrix in the case that such inverse exists. The main idea needed to compute the
inverse of an n X n matrix is summarized in the following Theorem. We emphasize that this
is not a new result. We are just highlighting the main part of the proof in Theorem 2.4.3]

@) = @).
Theorem 2.4.6. Let A be an n x n matrixz. If the n systems of linear equations
Axi =e1, -+ Ax, =e,, (2.7)
are all consistent, then the matriz A is invertible and its inverse is given by
Al = [x1,~~ ,xn}.
If at least one system in Eq. (2.7) is inconsistent, then matriz A is not invertible.

Proof of Theorem We first show that the consistency of all systems in Eq. (271
implies that matrix A is invertible. Indeed, if all systems in Eq. (Z71) are consistent, then
the system Ax = b is also comnsistent for all b € R™ (Proof: The solution for the source
b =be; + -+ bye, is simply x = bix; + -+ + byx,.) Therefore, rank(A) > n. Since A is
an n X n matrix, we conclude that rank(A) = n. Then, Theorem [Z4.3] implies that matrix
A is invertible.

We now introduce the matrix X = [xl, e ,xn] and we show that A~! = X. From the
definition of X we see that AX = |,,. Since rank(A) = n, the same argument given in the
proof of Theorem 2.4.3] shows that XA = |,,. Since the inverse of a matrix is unique, we
conclude that A=! = X. This establishes the Theorem. ]
This Theorem provides a method to find the inverse of a matrix.
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Corollary 2.4.7. The inverse of an invertible n x n matriz A is computed with the Gauss
operations such that [A|In] — [In’A_l].

Proof of Corollary 2.4. T One solves the n linear systems in Eq. ([Z7). Since all these
systems share the same coefficient matrix, matrix A, one can solve them all at the same
time, introducing the augmented matrix

Aler ] = [A]L].
In the proof of Theorem we show that rank(A) = n. Therefore, its reduced echelon
form is Ep = |,,, so the Gauss method implies that

[Alln] = [Aler - en] = [Ealxi, - ixa] = [IW[ATT] & [All] — [l|A71].
This establishes the Corollary. ]

ExAMPLE 2.4.8: Find the inverse of the matrix A = E ;j .

SOLUTION: We have to solve the two systems of equations Ax; = e; and Axg = eg, that is,
2 4 1| 1 2 4 Y| 0
1 3| |z |0 1 3] |yo| [1]°

We solve both systems at the same time using the Gauss method on the augmented matrix

2 4 1 0 _ 1 2 1/2 0 _ 1 2 1/2 0 ~ 1 0 3/2 =2
1 3 0 1 1 3 0 1 0 1 -1/2 1 0 1 -1/2 1
_ 113 —4
therefore, A~! = 4 {_1 Nk <
1 2 3
EXAMPLE 2.4.9: Find the inverse of the matrix A= |2 5 7|.
3 79
SOLUTION: We compute the inverse matrix as follows:
1 2 3 1 00 1 2 3 1 00
2 5 7 01 0l—1(0 1 1 -2 1 0| —
3 79 0 0 1 0 1 0 -3 0 1
1 0 1 5 =2 0 1 0 0 4 -3 1 4 -3 1
01 1 -2 1 0l =101 0 -3 0 1|=A'=|-3 0 1
0 0 -1 -1 -1 1 0 0 1 1 1 -1 1 1 -1
. 1 2]. .
EXAMPLE 2.4.10: Is matrix A = 9 4 invertible?
SOLUTION: No, si 12 10 — 12 1.0 i istent <
. 0O, sice 2 4 0 1 0 0 9 1 , are 1mconsistent.

Further reading. Almost any book in linear algebra introduces the inverse matrix. See
Sections 3.7 and 3.9 in Meyer’s book [3].
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2.4.4. Exercises.

2.4.1.- When possible, find the inverse of
the following matrices. (Check your an-
swers using matrix multiplication.)

(a)

1 2
A=
(b)
-1 -2 1
A=|3 2 —6|;
11 -2

1 2 3
A=14 5 6
7 8 9

2.4.2.- Find the values of the constant k
such that the matrix A below is not in-

vertible,
1 1 -1
A=1(2 3 k
1 k 3
2.4.3.- Consider the matrix
0 -1 0
A= 12 0 1],
0 1 -1

(a) Find the inverse of matrix A.
(b) Use the previous part to find a so-
lution to the linear system

1
Ax=b, b= |-1
3

2.4.4.- Show that for every invertible ma-
trix A holds that [A,A™!] = 0.

2.4.5.- Find a matrix X such that the equa-
tion X = AX + B holds for

0 -1 0 1 2
A=lo 0o -1/, B=|2 1
0 0 0 3 3

2.4.6.- If A is invertible and symmetric,
then show that A™! is also symmetric.

2.4.7.- Prove that: If the square matrix A
satisfies A? = 0, then the matrix (1 — A)
is invertible.

2.4.8.- Prove that: If the square matrix A
satisfies A% = 0, then the matrix (I — A)
is invertible.

2.4.9.- Let A be a square matrix. Prove the
following statements:

(a) If A contains a zero column then A
is not invertible;

(b) If one column is multiple of another
column in A, then matrix A is not
invertible.

(c) Use the trace function to prove the
following statement: If A is an mxn
matrix and B is an n X m matrix
such that AB = I,, and BA = |,
then m = n.

2.4.10.- Consider the invertible matrices
A € F»", B € F*° and the matrix
C € F™*. Prove that the inverse of

A C
0 B
is given by
ATt —A"'CB™!
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2.5. NULL AND RANGE SPACES

2.5.1. Definition of the spaces. A matrix A € F"™" defines two functions, A : F* — F™
and AT : F™ — F", which in turn, determine two sets in F® and two sets in F™. In this
Section we define these sets, we call them null and range spaces, and study the main relations
among them. We start introducing the two spaces associated with the function A.

Definition 2.5.1. Consider the matrix A € F"™"™ defining the linear function A : F™* — F™.
The null space of the function A is the set N(A) C F™ given by

N(A)={xeF" : Ax=0}.
The range space of the function A is set R(A) C F™ given by
R(A)={yeF" : y=Ax, for allx € F"}.

In Fig. we show a picture, usual in set theory, sketching the null and range spaces
associated with a matrix A. One can see in these pictures that for a function A : F* — F™,
the null space is a subset in F™, while the range space is a subset in F”. Recall that the
homogeneous equation Ax = 0 always has the trivial solution x = 0. This property implies
both that 0 € F™ also belongs to N(A) and that 0 € F™ also belongs to R(A).

A

)~ l(%

FIGURE 25. Sketch of the null space, N(A), and the range space, R(A), of
a linear function determined by the m x n matrix A.

The four spaces associated with a matrix A are N(A) and R(A) together with N(AT)
and R(AT). Notice that these null and range spaces are subsets of different spaces. More
precisely, a matrix A € F™ " defines the functions and subsets,

A:F* - F™ and AT:F™ —F",
N(A), R(AT) C F", while R(A), N(AT) C F™.
ExAMPLE 2.5.1: Find the N(A) and R(A) for the function A : R® — R? given by

12 3
A_[Q 4 1]'

SoruTIioN: We first find N(A), the null space of A. This is the set of elements x € R? that
are solutions of the equation Ax = 0. We use the Gauss method to find all such solutions,

xr1 = —2.%‘2

123 fre2 3] Q2o )
2 4 1 00 -5 00 1 8T

o : free variable.
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Therefore, the elements in N(A) are given by

21y ) —9
NA)sx=| 22 |=| 1|2z2 = N(A) = Span({ 1 }) C R3.
0 0 0

We now find R(A), the range space of A. This is the set of elements y € R? that can be
expressed as y = Ax for any x € R3. In our case this means

x
1 2 3 1 2 3
yZAX:[2 4 1] ) 2[2:| 131—|—LL] l‘z*l—[J Ts3.
z3

What this last equation says, is that the elements of R(A) can be expressed as a linear
combination of the column vectors of matrix A. Therefore, the set R(A) is indeed the set of
all possible linear combinations of the column vectors of matrix A. We then conclude that

wn-s( ][]
Notice that

b =) = sl (] Bl =l [

Therefore, we conclude that the smallest set whose span is R(A) contains two elements, the
first and third columns of A, that is,

R(A) = Span({ H ., m b =r

In the Example 250l above we have seen that both sets N(A) and R(A) can be expressed
as spans of appropriate vectors. It is not surprising to see that the same property holds for
N(AT) and R(A™), as we observe in the following Example.

ExaMPLE 2.5.2: Find the N(AT) and R(AT) for the function AT : R? — R3, where A is the
matrix in Example 2.5.1] that is,

<

1 2
AT =12 4
3 1

SoLUTION: We start finding the N (AT), that is, all vectors y € R? solutions of the homoge-
neous equation ATy = 0. Using the Gauss method we obtain,

1 2 1 2 10 . .
2 4l =10 o|—=1o 1| = sz = N(AT):{M}CRQ.
301 0 -5 0 0

We now find the R(AT). This is the set of x € R? that can be expressed as x = ATy for
any y € R?, that is,

1 2 1 2
x=ATy= 12 4 {yl} 20 y1 + 4] vo.
3 1] Y3 1

As in the previous example, this last equation says that the elements of R(AT) can be
expressed as a linear combination of the column vectors of matrix AT. Therefore, the set
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R(AT) is indeed the set of all possible linear combinations of the column vectors of matrix
AT. We then conclude that

1 2
R(AT) = Span({ 21, |4 }) C R
3 1

In Fig. B6 we have sketched the sets N(A) and R(AT), which are subsets of R3. <

R (A")

FIGURE 26. The horizontal blue line is the N(A), and the vertical green
plane is the R(AT), for the matrix A is given in Examples 251 and
Notice that the blue line is perpendicular to the green plane. We will see
that this is always true for all m x n matrices.

EXAMPLE 2.5.3: Find the N(A) and R(A) for the matrix

1 3 -1
A=12 6 -2
39 =3

SOLUTION: Any element x € N(A) must be solution of the homogeneous equation Ax = 0.
The Gauss method implies,

1 3 —1] 1 3 -1 o = 319 + 3,
2 6 —2|—10 0 0] = { _
3 9 _3 00 0 o, x3 free variables.
Therefore, every element x € N(A) has the form
—3ry 3]  [-3 1 -3] [1
x= T =| 1|22+ |0 z3 = N(A) = Span({ 11,10 })
T3 i L 0 1 0 1

The R(A) is the set of all y € R? such that y = Ax for some x € R3. Therefore,

1 3 11 [ 1 3 -1
y=12 6 -2 To| =x1 |2 + 2o |6 +23 [—2],
13 9 —3] |3 3 9 -3

and we conclude that

R(A) = Span({

W N =
D

|

[\

—
—
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However, the expression above can be simplified noticing that

3 1 -1 1
6| =312/, 20 =—12
9 3 -3 3

So the smallest sets whose span is R(A) contain only one vector, and a possible choice is
the following:

R(A) = Span <{

W N =

<

2.5.2. Main properties. The property of the null and range sets we have found for the
matrix in Examples 2.5.1] and 2.5.2] also holds for every matrix. This will be an important
property later on, so we give it a name.

Definition 2.5.2. A subset of U C F" is called closed under linear combination iff for
all elements x, y € U and all scalars a, b € F holds that (ax + by) € U.

In words, a set U C F” is closed under linear combination iff every linear combination
of elements in U stays in U. In Chapter ] we generalize the linear combination structure
of F™ into a structure we call a vector space; we will see in that Chapter that sets in a
vector space which are closed under linear combinations are smaller vector spaces inside the
original vector space, and will be called subspaces. We now state as a general result the
property we found both in Examples 2.5.1] and

Theorem 2.5.3. The sets N(A) C F" and R(A) C F™ of a matrizx A € F™" are closed
under linear combinations in F" and F™, respectively. Furthermore, denoting the matrix
A= [A;l, e ,A;n], we conclude that R(A) = Span({A:l, e 7A:n}).

It is common in the literature to introduce the column space of an m x n matrix A =
[Azl, SRR A;n] , denoted as Col(A), as the set of all linear combinations of the column vectors
of A, that is, Col(A) = Span({A;l, e ,A;n}). The Proposition above then says that

R(A) = Col(A).
Proof of Theorem [2.5.3t The sets N(A) and R(A) are closed under linear combinations
because the matrix-vector product is a linear operation. Consider two arbitrary elements
X1, Xo € N(A), that is, Ax; = 0 and Axy = 0. Then, for any a, b € F holds
Alaxy +bx2) =aAx; +b0Axe =0 = (axq +bx2) € N(A).

Therefore, N(A) C F™ is closed under linear combinations. Analogously, consider two
arbitrary elements y1, yo € R(A), that is, there exist x;, xo € F™ such that y; = Ax; and
yo = Axy. Then, for any a, b € F holds

(ay1 + by2) = aAx; + bAxg = A(axy + bxe) = (ayz + by2) € R(A).

Therefore, R(A) C F™ is closed under linear combinations. The furthermore part is proved
as follows. Denote A = [A;l, e ,Am], then any element y € R(A) can be expressed as
y = Ax for some x = [z;] € F", that is,
T
= A= (Ao A [ 2 [ = A b A € Span({As s AL,

Tn
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This implies that R(A) C Col(A). The opposite inclusion, Col(A) C R(A) is trivial, since
any element of the formy = Ajz1 + -+ + Az, € Col(A) also belongs to R(A), since
y = Ax, where x = [x;]. This establishes the Theorem. O

The null and range spaces of a square matrix characterize whether the matrix is invertible
or not. The following result is a simple rewriting of Theorem [2.4.3]

Theorem 2.5.4. Given a matriz A € F™", the following statements are equivalent:

(a) The matriz A~1 exists;

(b) N(A) ={0};

(c) R(A) =T".

Proof of Theorem [2.5.4t This result follows from Theorem 243l More precisely, part ([0
follows from Theorem 243 part (@). While part (@) follows from Theorem 23 part ([@). O

2.5.3. Gauss operations. In this section we study the relations between the four spaces
associated with the matrices A and B in the case that matrix B can be obtained from matrix
A by performing Gauss operations. We use the following notation: A &2, B to indicate that
A can be transformed into matrix B by performing Gauss operations on the rows of A.

Theorem 2.5.5. If matrices A, B € F"™™, then
(a) A5B & N(A) = N(B);
() AES B < R(AT) = R(BT).

It is simple to see that this result is true. Gauss operations do not change the solutions of
linear systems, so the linear system Ax = 0 has exactly the same solutions x as the linear
system Bx = 0, that is;, N(A) = N(B). The second property must be also true, since Gauss
operations on the rows of A are equivalent to Gauss operations on the columns of AT. Now,
it is simple to see that each of the Gauss operations on the columns of AT do not change
the Col(AT), hence R(AT) = R(B7).

One could say that the paragraph above is enough for a proof of the Theorem. However,
we would like to have a more detailed presentation of the ideas above. One way is to use
matrix multiplication to express the Gauss operation property that they do not change the
solutions to linear systems. One can prove the following: If the m x n matrices A and B
are related by Gauss operations on their rows, then there exists an m X m invertible matrix
G such that GA = B. The proof of this property is simple. Each one of the Gauss opera-
tions is associated with an invertible matrix, E, called an elementary Gauss matrix. Every
elementary Gauss matrix is invertible, since every Gauss operation can always be reversed.
The result of several Gauss operations on a matrix A is the product of the appropriate
elementary Gauss matrices in the same order as the Gauss operations are performed. If the
matrix B is obtained from matrix A by doing Gauss operations given by matrices E;, for
i=1,---,k, in that order, we can express the result of the Gauss method as follows:

Er,---EtA=B, G=E;---E; = GA=B.

Since each elementary Gauss matrix is invertible, then the matrix G is also invertible. The
following example shows all 3 x 3 elementary Gauss matrices.

ExAMPLE 2.5.4: Find all the elementary Gauss matrices which operate on 3 X n matrices.

SOLUTION: In the case of 3 X n matrices, the elementary Gauss matrices are 3 x 3. We
present these matrices for each one of the three main types of Gauss operations. Consider
the matrices E; for i = 1,2,3 are given by

k00 100 100
E, = 1 . E;=10 k 0|, Ez=1(0 1 0];
0 00 1 00 k

o O
—= O
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then, the product E; A represents the Gauss operation of multiplying by k the first, second
and third row of A, respectively. Consider the matrices E; for i = 4,5, 6 given by

010 00 1 100
Es=|1 0 0|, Es=|0 1 0|, Eg=[0 0 1];
00 1 100 010

then, the product E; A for i = 4,5, 6 represents the Gauss operation of interchanging the first
and second, the first and third, and the second and third rows of A, respectively. Finally,

consider the matrices E; for j = 7,---,12 given by

1 0 0 1 0 0 1 0 0

Er=1k 1 0], Eg=|0 1 0|, Eg=1|0 1 0f,
0 0 1 k 1 0 k 1
1 k£ O 1 0 k 1 0 0
E10 =10 1 O 5 E11 =10 1 O 5 E12 =10 1 k% 3

0 0 1 0 0 1 0 0 1
then, the product E;A for ¢ = 7,--- ;12 represents the Gauss operation of multiplying by k
one row of A and add the result to another row of A. <

Proof of Theorem Recall the comment below Theorem If the m x n matrices
A and B are related by Gauss operations on their rows, then there exits an m x m invertible
matrix G such that GA = B. This observation is the key to show that N(A) = N(B), since
given any element x € N(A)

Ax=0 < GAx=0,
where the equivalence follows from G being invertible. Then it is simple to see that
0=GAx=Bx < xe& N(B).

Therefore, we have shown that N(A) = N(B).

We now show the converse statement. If N(A) = N(B) this means that their reduced
echelon forms are the same, that is, Ex = Eg. This means that there exist Gauss operations
on the rows of A that transform it into matrix B.

We now show that R(AT) = R(BT). Given any element x € R(AT) we know that there
exists an element y € F™ such that

x=ATy = ATG"(G") 'y = (GA)"y =BTy,  y=(G") .

We have shown that given any x € R(AT), then x € R(BT), that is, R(AT) C R(B). The
opposite implication is proven in the same way: Given any x € R(BT) there exists y € F™
such that

x=B"y=B"(G")'G"y = (G'B) 'y = ATy, y=G"y.
We have shown that given any x € R(BT), then x € R(AT), that is, R(BT) C R(AT).
Therefore, R(AT) = R(BT).
We now show that the converse statement. Assume that R(AT) = R(BT). This means
that every row in matrix A is a linear combination of the rows in matrix B. This also means

that there exists Gauss operations on the rows of A such that transform A into B. This
establishes the Theorem. |

120}

ExaMPLE 2.5.5: Verify Theorem 255l for matrix A = [; i i’] and Ep = {0 0 1l
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SOLUTION: Since Ep is the reduced echelon form of matrix A, then R(AT) = R((Ea)7).
Consider the matrix A and its reduced echelon form Ea given by

1 2 3 1 2 0
A_[24 1}’ EA_[OO 1]'
Their respective transposed matrices are given by
1 2 10
3 1 0 1

The result of Theorem is that
R(AT) =R((Ea)") & Span({ é , Zjl })zSpan({ % ) § })

We can verify that this result above is correct, since the column vectors in AT are linear
combinations of the column vectors in (Ea)”, as the following equations show,

1 1 0 2 1 0
2 = 12| +3 |0 41 =2 12|+ |0
3 0 1 1 0 1

<

The Example above helps understand one important meaning of Gauss operations.
Gauss operations on the matrixz A rows are linear combination of the matriz AT columns.
This is the reason why the interchange change A < B by doing Gauss operations on rows
leaves the the range spaces of their transposes invariant, that is, R(AT) = R(BT).

1 15 1 -4 4
ExaMpLE 2.5.6: Given the matrices A= |2 0 6|,B= |4 -8 6/, verify whether
1 2 7 0 -4 5

R(A") = R(B")? R(A)=R(B)? N(A)=N(B)? N(A")=N(B")?

SOLUTION: We base our answer in Theorem 2.5.5] and an extra observation. First, let Ea

and Eg be the reduced echelon forms of A and B, respectively, and let E,r and Egr be the

reduced echelon forms of AT and BT respectively. The extra observation is the following:
Trow

En = Eg iff A «—— B. This observation and Theorem [Z.5.5 imply that Ex = Eg is equivalent
to R(AT) = R(BT) and it is also equivalent to N(A) = N(B). We then find Ex and Eg,

115 1 1 5 10 3
A=12 0 6| > [0 —2 —4| - [0 1 2| =Ea,
127 0 1 2 00 0
1 -4 4 1 -4 4 1 -4 4 1 0 -1
B=[4 -8 6| -|0 8 —10|—|0 4 -5/—1]0 1 -5/4| =Es.
0 -4 5 0 -4 5 0 0 0 0 0 0

Since Ep # Eg, we conclude that R(AT) # R(B”). This result also says that N(A) # N(B).
So for the first and third questions, the answer is no.

A similar argument also says that Exyr = Egr iff AT 2% BT. This observation and
Theorem [Z5H imply that Exr = Egr is equivalent to R(A) = R(B) and it is also equivalent
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o N(AT) = N(BT). We then find E,r and EBT,

1 21 1 1 0 2
AT=11 0 2| — |0 —2 1 — [0 1 —1/2| =E,r,
5 6 7 0 —4 2 00 0
1 4 0 1 4 0 1 4 0 1 0 2
B"=|-4 -8 -4 — 1|0 8 -4/ — 1[0 2 —-1|— 1|0 1 -1/2| =Egr.
4 6 5 0 —-10 5 00 O 0 0 0

Since Epr = Egr, we conclude that R(A) = R(B). This result on the reduced echelon forms
also says that N(AT) = N(B”). So for the second and four questions, the answer is yes. <

We finish this Section with two results concerning the ranks of a matrix and its transpose.
The first result says that transposition operation on a matrix does not change its rank.

Theorem 2.5.6. Every matriz A € F™"™ satisfies that rank(A) = rank(A”).

We delay the proof of the first result to Chapter [l where we introduce the notion of inner
product in a vector space. Using an inner product in F™, the proof of Theorem below
is simple. We now introduce a particular name for those matrices having the maximum
possible rank.

Definition 2.5.7. An m x n matriz A has full rank iff rank(A) = min(m,n).

Our last result of this Section concerns full rank matrices and relates the rank of a matrix
A to the size of both N(A) and N(AT).

Theorem 2.5.8. If matrix A € F™"™ has full rank, then hold:
(a) If m = n, then rank(A) = rank(AT) =n=m <& {0} = N(A)= N(AT) C F*;

{{O}Q_N ) C ",

(b) If m < n, then rank(A) = rank(AT) =m <n (0} = N(AT) C F™;

(¢) If m > n, then rank(A) = rank(AT) =n <m {0} G N(AT) C F™.
Proof of Theorem 2.5.8 We start recaling that the rank of a matrix A is the number of
pivot columns in its reduced echelon form Ea.

If an m x n matrix A has rank(A) = n, this means two things: First, n < m; and
second, that every column in Ea has a pivot. The latter property implies that there is no
free variables in the solution of the equation Ax = 0, and so x = 0 is the unique solution.
We conclude that N(A) = {0}. In order to study N(AT) we need to consider the two
possible cases n = m or n < m. If n = m, then the matrices A and AT are square, and the
same argument about free variables applies to solutions of ATy = 0, so we conclude that
N(AT) = {0}. This proves (@). In the case that n < m, then there are free variables in the
solution of the equation A"y = 0, therefore {0} & N(A™). This proves (@).

If an m x n matrix A has rank(A) = m, recalling that rank(A) = rank(AT), this means
two things: First, m < n; and second, that every column in E, 7 has a pivot. The latter
property shows that AT is full rank, so the argument above shows that N(AT) = {0}. Since
the case n = m has already been studied, so we only need to consider the case m < n. In this
case there are free variables in the solution to the equation Ax = 0, therefore {0} & N(A).
This proves (), and we have established the Theorem. O

{{0} = N(A) CF",

Further reading. Section 4.2 in Meyer’s book [3] follows closely the descriptions of the
four spaces given here, although in more depth.
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2.5.4. Exercises.

2.5.1.- Find R(A) and R(AT) for the matrix
A below and express them as the span
of the smallest possible set of vectors,
where

1 2 2 3
A=12 4 1 3
3 6 1 4

2.5.2.- Find the N(A), R(A), N(AT) and
R(AT) for the matrix A below and ex-
press them as the span of the smallest
possible set of vectors, where

1 2 1 1 5
A=1|-2 -4 0 4 -2
1 2 2 4 9

2.5.3.- Let A be a 3 x 3 matrix such that

1 1
R(A)ZSpan({ ; , —21 }),
N = span({| 1]}).

0

(a) Show that the linear system Ax = b
is consistent for

b= (8
5

(b) Show that the system Ax = b above
has infinitely many solutions.

2.5.4.- Prove:
(a) Ax = b is consistent iff b € R(A).
(b) The consistent system Ax = b has a
unique solution iff N(A) = {0}.

2.5.5.- Prove: A matrix A € F™" is invert-
ible iff R(A) =TF".

2.5.6.- Let A € F™"™ be an invertible ma-
trix. Find the spaces N(A), R(A),
N(AT), and R(AT).

2.5.7.- Consider the matrices

1 5 3 1 0 -2
A=1]2 1 -3|,B=0 1 1
1 3 1 00 0

Answer the questions below. If the an-
swer is yes, give a proof; if the answer
is mo, give a counter-example.

(a) Is R(A) = R(B)?

(b) Is R(AT) = R(BT)?

(¢c) Is N(A) = N(B)?

(d) s N(AT) = N(BT)?
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2.6. LU-FACTORIZATION

A factorization of a number means to decompose that number as a product of appropriate
factors. For example, the prime factorization of an integer number means to decompose that
integer as a product of prime numbers, like 70 = (2)(5)(7). In a similar way, a factorization
of a matrix means to decompose that matrix, using matrix multiplication, as a product of
appropriate factors. In this Section we introduce a particular type of factorization, called
LU-factorization, which stands for lower triangular-upper triangular factorization. A given
matrix A is expressed as a product A = LU, where L is lower triangular and U is upper
triangular. This type of factorization can be useful to solve systems of linear equations
having A as the coeflicient matrix. The LU-factorization of A reduces the number of algebraic
operations needed to solve the linear system, saving computer time when solving these
systems using a computer. However, not every matrix has this type of factorization. We
provide sufficient conditions on A that guarantee its LU-factorization.

2.6.1. Main definitions. We start with few basic definitions.

Definition 2.6.1. An m xn matriz is called upper triangular iff every element below the
diagonal vanishes, and lower triangular iff every element above the diagonal vanishes.

ExAMPLE 2.6.1: The matrices U; and Uy below are upper triangular, while L; and Ly are

lower triangular,
2 3 4 2 3 4 3 2 0 0 2 0 0 O
Uy=10 5 6|, Uy=1[0 5 6 2|, L1i=|3 4 0|, Ly=(3 4 0 O
0 0 1 0 01 5 5 6 7 5 6 7 0

<

Definition 2.6.2. An m x n matriz A has an LU-factorization iff there exists a square

m X m lower triangular matriz L and an m x n upper triangular matriz U such that A = LU.

In the particular case that A is a square matrix both L and U are square matrices.

1 0 0 1 11
EXAMPLE 2.6.2: Verify that matrix L = |1 1 0| and matrix U = |0 1 1{ are the
1 1 1 0 0 1
1 1 1
LU-factorization of matrix A= |1 2 2].
1 2 3
SOLUTION: We need to verify that A = LU. This is indeed the case, since
1 1 1 1 1 1 1
LU = 1 0 1 1| =11 2 2| =A,
0 0 1 1 2 3
that is, A = LU. b
1 0 2 4 -1
EXAMPLE 2.6.3: Verify that matrix L = | -2 0| and matrix U= |0 3 1| are
1 1 0 0 O

the LU-factorization of matrix A= |—4 -5

0
1
-3
2 4 —
2 =5
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SOLUTION: We need to verify that A = LU. This is the case, since

1 0 0| [2 4 -1 2 4 -1
Lu=|-2 1 0|0 3 1|=|-4 -5 3|=A = A=LU,
1 -3 1| {0 0 O 2 -5 —4
<
1 00 1 4
EXAMPLE 2.6.4: Verify that matrix L = |2 1 0| and matrix U = |0 —3| are the
3 21 0 0
1 4
LU-factorization of matrix A= |2 5|.
3 6
SOLUTION: We need to verify that A = LU. This is the case, since
1 0 0of [1 4 1 4
LU=12 1 0| |0 =3| =12 5|=A = A=LU.
3 2 1] (0 0 3 6
<
. . . 10 . 1 3 5
ExamMpLE 2.6.5: Verify that matrix L = 9 1 and matrix U = 0 _o2 _4| are the
LU-factorization of matrix A = |- ° °
-factorization of matrix A =1, = (.
SOLUTION: We need to verify that A = LU. This is the case, since
1 01 3 5 1 3 5
P A R O
<

2.6.2. A sufficient condition. We now provide sufficient conditions on a matrix that imply
that such matrix has an LU-factorization.

Theorem 2.6.3. If the m xn matrix A can be transformed into an echelon form without row
exchanges and without row rescaling, then A has an LU-factorization, A = LU. The matrix
U is the m xn echelon form mentioned above. Matrix L = [Lij} is an m xm lower triangular
matriz satisfying two conditions: First, the coefficients L;; = 1; second, the coefficients L;;
below the diagonal are equal to the multiple of row j that is subtracted from row i in other
to annihilate the (i,7) position during the Gauss elimination method.

This result is usually found in the literature for the case of square matrices, m = n. A
reason for this is that more often than not only square matrices appear in applications, like
finding solutions of a n X n linear system Ax = b, where matrix A is not only square but
also invertible. We have decided in these notes to present the most general version of the
LU-factorization in the statement above without proof, and we sketch a proof in the case of
2 x 2 and 3 x 3 matrices only. Before this sketch of a proof we show few examples in order
to have a better understanding of the statement in Theorem

EXAMPLE 2.6.6: Find the LU-factorization of matrix A = [zl)) ﬂ .

SOLUTION: Theorem [2.6.3] says that U is an echelon form of A obtained without row ex-
1 0

Loy J , that is, we need to

changes and without row rescaling, while L has the form L = [
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find only the coefficient Lo;. In this simple example we can summarize the whole procedure
in the following diagram:

1 2| row(2)—-3row(1) |1 2 1 0
— f— =
R e Y BT R

This is what we have done: An echelon form for A is obtained with only one Gauss operation:
Subtract from the second row the first row multiplied by 3. The resulting echelon form of A
is matrix U already. And Lo = 3, since we multiplied by 3 the first row and we subtracted
it from the second row. So we have both U and L, and the result is:

SERE[

<
2 4 -1
ExAaMPLE 2.6.7: Find the LU-factorization of the matrix A= |—4 -5 3
2 -5 —4
SOLUTION: We recall that we have to find the coefficients below the diagonal in matrix
1 0 O
L=|Lsy 1 0
L31 L3 1
From the first Gauss operation we obtain Lg; as follows:
2 4 - row(2 2) row(1 2 4 -1 1 0 0
4 -5 3 @ZE2TOWW g3 1| = L=|-2 1 o0
2 -5 —4 2 -5 —4 L3 L3 1
From the second Gauss operation we obtain L3; as follows:
2 4 -1 oW (3) 1 Tow(1 2 4 -1 1 0 0
0 3 1| IWESTOWW g 3 gl o o =|2 1 o0
2 -5 —4 0 -9 -3 1 Ly 1
From the third Gauss operation we obtain L3o as follows:
2 4 -1 oW (s ) oW (2 2 4 -1 1 0 O
0 3 1 EZEHOVE g 3 1| o L=|-2 1 o0
0 -9 -3 0 0 O 1 -3 1
We then conclude,
1 0 0 2 4 —1
L=(-2 1 0}, u=1(0 3 1],
1 -3 1 00 0
and we have the decomposition
2 4 -1 1 0 0] [2 4 -1
A=|-4 -5 3|=1|-2 1 0| (0 3 1|=LU
2 -5 —4 r -3 1110 0 0
<

In the following Example we show a matrix A that does not have an LU-factorization.
The reason is that in the procedure to find U appears a diagonal coefficient that vanishes.
Since row interchanges are prohibited, then there is no LU-factorization in this case.
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2 4 -1
EXAMPLE 2.6.8: Show that matrix A= [—4 —8 3 | has no LU-factorization.
2 -5 —4
SOLUTION: From the first Gauss operation we obtain Lo as follows:
2 4 -1 oW 2 SR— 2 4 -1 1 0 0
4 -8 3 @2V g g 1| = L=|-2 1 o0
2 -5 —4 2 -5 —4 L3y1 L3 1
From the second Gauss operation we obtain L3; as follows:
2 4 -l TOW(3)—1TOW(1) 2 4 - 00
0 3 1| IWOHIOWW g 5 g o L=|-2 1 o0
2 -5 —4 0o -9 -3 1 L3 1

However, we cannot continue the Gauss method to find an echelon form for A without
interchanging the second and third rows. Therefore, matrix A has no LU-factorization. <

In the Example 2.6.7] we also had a diagonal coefficient in matrix U that vanishes, the
coeflicient Uss = 0. However, in this case A did have an LU-factorization, since this vanishing
coeflicient was in the last row of matrix U, and no further Gauss operations were needed.
Proof of Theorem [2.6.3t We only give a proof in the case that matrix A is 2 x 2 or 3 x 3.
This would give an idea how to construct a proof in the general case. This generalization
does not involve new ideas, only a more sophisticated notation.

Assume that matrix A is 2 x 2, that is

A A
A= .
|:A21 Azz]

Matrix A is assumed to satisfy the following property: A can be transformed into echelon
form by the only Gauss operation of multiplying a row and add that result to another row.
If the coefficient Ap; = 0, then matrix A is upper triangular already and it has the trivial
LU-factorization A = Iy A. If the coefficient As; # 0, then from Example[2.6.8] we know that
the assumption on A implies that the coefficient A7 # 0. Then, we can perform the Gauss
operation EA = U, that is

1 0 Ay Ar An Aro
EA = Aoy = AgpA11 — A1 A1z | = U.
——= 1| |42 Ay 0
Au All
Matrix U is the upper triangular, and denoting

Agg Ay — Ag1 Agp Aoy

Uss = Loy = 22
22 A ) 2= g

we obtain that

(A Ap . 1 0 1 |1 0
U_[O U22}7 E_{Lm 1] = B= Ly 1)°

We conclude that matrix A has an LU-factorization
Loy 1 0 U’
Assume now that matrix A is 3 x 3, that is

A A Ags
A= |Aa Ay Ass
Az Az Ass
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Once again, matrix A is assumed to satisfy the following property: A can be transformed
into echelon form by the only Gauss operation of multiplying a row and add that result to
another row. If any of the coefficients A1 or A3 is non-zero, then the assumption on A
implies that the coefficient A;; # 0. Then, we can perform the Gauss operation EsE;A = B,
that is

0 1 0] |=Lar 1 0| =|Ao Az Ax3| =| 0 DBy DB,
—Ls 0 1 0 01 Az1 Azx Ass 0 B3z Bss
where
1 0 0 1 0
Ex=| 0 1 0|, Ey=|-Iy 1 0],
Ly 0 1 0 1
we used the notation
L21:@7 :gv
An An

and the B;; coeflicients can be easily computed. Now, if the coefficient B3z # 0, then the
assumption on A implies that the coefficient Bos # 0. We then assume that Bos # 0 and
we proceed one more step. We can perform the Gauss operation E3 B = U, that is

1 0 0 |41 A A A A Ass
EsB= [0 1 0 0 Bss Bos| =1 0 By Baz| = U,
0 —L3 1 0 B3y Bss 0 0 Uss

B
where we used the notation L3, = B—g? and the coefficient Usgz can be easily computed. This
22

product can be expressed as follows,

EsE2E;A=U = A=E'E;'E;'U.

It is not difficult to see that

1 00 1 00 1 0 0
E;'=|La 1 O, Ej'=]0 1 0|, Ez'=1]0 1 o0f,
0 01 Ly 0 1 0 L3 1
which implies that
1 0 0
ET'ES'Es =Ly 1 0] =L
L31 L3z 1

We have then shown that matrix A has the LU-factorization A = L U, where

1 0 0 A A Ags
L=1|Lsy 1 0f, U= 1| 0 B Bos
Lsw Ls 1 0 0 Us

It is not difficult to see that in the case where the coefficient Bss = 0, then the expression
A= (Ef1 Es 1) B is already the LU-factorization of matrix A. This establishes the Theorem
for 2 x 2 and 3 x 3 matrices. O
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2.6.3. Solving linear systems. Suppose we want to solve a linear system with coefficient
matrix A, and suppose that this matrix has an LU-factorization. This extra information is
useful to save computational time when solving the linear system. We state how this can
be done in the following result.

Theorem 2.6.4. Fiz an m x n matriz A having an LU-factorization A = LU and a vector
b € F™. The vector x € F™ is solution of the linear system Ax = b iff holds

Ux =y, where Ly=nh. (2.8)

First solve the second equation for y, and then use this vector y to solve for vector x. This
is faster than solving directly for x in the original equation Ax = b. The reason is that
forward substitution can be used to solve for y, since L is lower triangular. Then, backward
substitution can be used to solve for x, since U is upper triangular.

Proof of Theorem [2.6.4k Replace on the second equation in ([Z8)) the vector y defined by
the first equation in (2.8). Hence, the vector x is solution of the system in (28] iff holds

L(Ux) = b.
Since A = LU, the equation above is equivalent to Ax = b. This establishes the Theorem. [J

ExAMPLE 2.6.9: Use the LU-factorization of matrix A below, to find the solution x to the
system Ax = b, where

1 1 1 1
A=1[1 2 2|, b=|2
1 2 3 3
SoLUTION: In Example 2.6.2] we have shown that A = LU with
1 0 0 1 1 1
L=1|(1 1 0], u=10 1 1
11 1 0 0 1

We first find y solution of the system Ly = b,then, having y, we find x solution of Ux =y.
For the first system we have

100 | 1 y=1 1
110 2 = Y1 +y2 =2, = y=|1
L 3 Y1 +y2+ys =3, 1
This system is solved for y using forward substitution. For the second system we have
111 | 1 r1+ a2tz =1, 0
0 11 1 = To+ a3 =1, = x=10
0 01 1 x5 =1, 1
This system is solved for x using back substitution. <

Further reading. There exists a vast literature on matrix factorization. See Section 3.10
in Meyer’s book [3] for few types of generalizations of the LU-factorizations, for example, ad-
mitting row interchanges in the process to obtain the factorization, or the LDU-factorization.
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2.6.4. Exercises.

2.6.1.- Find the LU-factorization of matrix

5 2
A= [—15 —3] '
2.6.2.- Find the LU-factorization of matrix
2 1 3
a=li s 3
2.6.3.- Find the LU-factorization of matrix
2 1 2
A=14 5 5
6 -3 5

2.6.4.- Determine if the matrix below has
an LU-factorization,

3 6 —12 3
A= 2 3 -3 2
0 2 -2 6

2.6.5.- Find the LU-factorization of a tridi-
agonal matrix

2 -1 0 0

-1 2 -1 0

T= o -1 2 -1
0 0 -1 1

2.6.6.- Use the LU-factorization to find the
solutions to the system Ax = b, where

2 2 2 12
A=4 7 7|, b=|2
6 18 22 12

2.6.7.- Find the values of the number ¢
such that matrix A below has no LU-

factorization,
c 2 0
A=11 ¢ 1
0 1 c
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CHAPTER 3. DETERMINANTS

3.1. DEFINITIONS AND PROPERTIES

A determinant is a scalar associated to a square matrix which can be used to determine
whether the matrix is invertible or not, and this property is the origin of its name. The
determinant has a clear geometrical meaning in the case of 2 x 2 and 3 x 3 matrices. In the
former case the absolute value of the determinant is the area of a parallelogram formed with
the matrix column vectors; in the latter case the absolute value of the determinant is the
volume of the parallelepiped formed with the matrix column vectors. The determinant for
n X n matrices is introduced as a suitable generalization of these properties. In this Section
we present the determinant for 2 x 2 and 3 x 3 matrices and we study their main properties.
We then present the definition of determinant for n x n matrices and we mention without
proof its main properties.

3.1.1. Determinant of 2 x 2 matrices. We start introducing the determinant as a scalar-
valued function on 2 x 2 matrices.

All A12

Definition 3.1.1. The determinant of a 2 X 2 matriz A =
Ao Ag

function det : F22 — F given by det(A) = Aj3 Age — A1a Ao .

} is the value of the

Depending on the context we will use for the determinant any of the following notations,

A A
Ax Ago

det(A) = |A| = A = ‘

A A

= A11420 — A1249.
Ay Agy 11422 12421

For example,

ExAaMpPLE 3.1.1: The value of the determinant can be any real number, as the following
three cases show:

1 2
3 4

1 2

’:4—6:—1 ‘ 5 4

‘:8_3:5, ‘ ‘:4-4:&

3 4
<

We have seen in Theorem ZZ4.2] in Section 24 that a 2 x 2 matrix is invertible iff its
determinant is non-zero. We now see that there is an interesting geometrical interpretation
of this property.

Theorem 3.1.2. Given a matriz A = [A1, As] € R*?] the absolute value of its determinant,
| det(A)]|, is the area of the parallelogram formed by the vectors Ay, As.

Proof of Theorem Denote the matrix A as follows

o[t > wefl aef)

The case where all the coefficients in matrix A are positive is shown in Fig. We can see
in this Figure that the area of the parallelogram formed by the vectors A; and As is related
to the area of the rectangle with sides b and c. More precisely, the area of the parallelogram
is equal to the area of the rectangle minus the area of the two triangles marked with a “—”
sign in Fig. 27 plus the area of the triangle marked with “+” sign. Denoting the area of the
parallelogram by A,, we obtain the following equation,



92 G. NAGY - LINEAR ALGEBRA JjuLy 15, 2012

FI1GURE 27. The geometrical meaning of the determinant of a 2 x 2 matrix
is that its absolute value is the area of the parallelogram formed by the
matrix column vectors.

ac  yd (a—1y)(c—d)

A, =bc— — — =—
e 2
b ac yd ac ad yc yd
R T N R B B
d
— e 28V
2 2
Similar triangles implies that
y_4 = d
== ¢ =ad.
d ¢ Y
Introducing this relation in the equation above it we obtain
d d
Ap:bc—%—% = A, =ad—be=|det(A)].
We consider only this case in our proof. The remaining cases can be studied in a similar
way. This establishes the Theorem. |

ExAMPLE 3.1.2: Find the area of the parallelogram formed by a = B] and b = E] .

SoLuTION: If we consider the matrix A = [a,b] = B ﬂ , then the area A of the parallelo-
gram formed by the vectors a, b is A = |det(A)|, that is,
det(A):‘; ?‘:1—4:—3 - A=3

<

We have seen that the determinant is a scalar-valued function on the space of 2 x 2
matrices, whose absolute value is the area of the parallelogram formed by the matrix column
vectors . This relation of the determinant with areas on the plane is at the origin of the
following properties.



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 93

Theorem 3.1.3. For every vectors a,, as, b € F? and scalar k € T, the determinant
function det : F22 — F satisfies:

(a) det([a1,as]) = — det([az,a1]);

(b) det([kahag]) —det(al,kag) kdet(ahag]);
(C) det([ahkal]) = 0,

(d) det([(a1 + b),as]) = det([a1,a2]) + det([b, as]).

Proof of Theorem [3.1.3t Introduce the notation

R T

det([al,ag])

Part (@):

‘Z 2‘ = ad — be
) = det([ar,a2]) = —det([az, a1]).
det([az,a1]) = ‘d [Cl‘ = bc — ad,

Part (0):

det([kay,as]) =

Z‘ =k det([al,ag]),

ka b‘

a
e d k(ad—bc)—k‘c

kb
det([ay, kas]) = UCL kd

Z‘ =k det([a1, a2]).

‘—k(adbc)—k Z‘

Part (@):
det([al,kal]) = det([k'al,al]) = —det([al,kal]) = det([al,kal]) =0.

Part (d): Introduce the notation b = [gl] Then,
2

. (CL + bl) b

det([(a1 + b),32]) = (C+b2) d
= (a+b1)d (C+b2)b
= (ad — ¢b) + (b1d — byb)
_la b n by b
“le d by d
= det([a1, az]) + det([b, as]).

This establishes the Theorem. O

Moreover, the determinant function also satisfies the following further properties.

Theorem 3.1.4. Let A, B € F22. Then it holds:
(a) Matriz A is invertible iff det(A) # 0;

(b) det(A) = det(AT);

(c) det(AB) = det(A) det(B).

1
(d) If matriz A is invertible, then det(A~1!) =

det(A)”

Proof of Theorem [3.1.4t
Part (@): It has been proven in Theorem
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Part (0): Denote A = {CCL 2} . Then holds
det(A) = | Z‘ —ad—be=; = det(AT).
Part (@): Denoting A = [ﬁ; ﬁ;z] { 322] we obtain,
AB — (A11Bi1 + A12Ba1) (A1 Biz + A12Baa)
(A21B11 + A22B21) (A21B12 + A22Ba2) |

Therefore,
det(AB) = (A11B11 + A12B891)(A21 Bz + A22Ba) — (A11Bi2 + A12B22)(A21 811 + A2 Boy)
= A11B11A21B1a + A11B11 A2 Boy + A12Bo1 A1 Big + A12B21 Az Boy
— Ay B11A11Bia — A21 B11A19Boy — A2aBo1 A11B1a — A2aBa1 A12Boo
= A11B11A22Bay + A19Bo1 A1 B1g — A21 B11A12Boy — A2p Boy A11 By
= (A11 A2y — A1 A12)B11Bas — (A1 Az — A12A21)B12Boy
= (A11 A2 — A1 Avo) (B11 B2 — B12Bo1)
= det(A) det(B).
Part (d): Since A(A™1) = Iy, we obtain
1
det(A)’
This establishes the Theorem. O
We finally mention that det(A) = det(AT) implies that Theorem B.I.3l can be generalized

from properties involving columns of the matrix into properties involving rows of the matrix.
Introduce the following notation that generalizes column vectors to include row vectors:

_ A A _ e
A= |:A21 A22] B [a:l’ a:Q] B |:32::| ’

A A
an = {A;j ;A= {A;j ,oan = [An A], ax =4 Ag).

The first two vectors above are the usual column vectors of matrix A, and the last two are its
row vectors. When working with both, column vectors and row vectors, we use the notation
above; when working only with column vectors, we drop the colon and we denote them, for
example, as A.,; = A;. Using this notation, it is simple to verify the following result.

1 =det(ly) = det(A(A™")) = det(A) det(A™') = det(A™!) =

where

Theorem 3.1.5. For all column vectors al., al., bT. € F? and scalars k € F, the determinant
function det : F22 — F satisfies:

w der([22]) = = ([32]):
o dor(|20]) = den([ 2, [) = ae([22]):

(e) det( ka;1:|) =0

@ ar _<31'a§b”b _ det([;j) +det([g;]).

The proof is left as an exercise.
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3.1.2. Determinant of 3 x 3 matrices. The determinant for 3 x 3 matrices is defined
recursively in terms of 2 X 2 determinants.

Definition 3.1.6. The determinant on 3 x 3 matrices is the function det : F>3 — T,

A A Asg
A A A A A A
det(A) = |Ayy  Agy  Ags| = Ay A22 A23 — A A21 A23 4 A A21 A22 .
Az Ase Asg 32 As3 31 As3 31 As2

We see that the determinant of a 3 x 3 matrix is computed as a linear combination of the
determinants of 2 x 2 matrices,

det(A) = A det(:&n) — Ao det(/&lg) + Az det(:&m),

where we introduced the 2 x 2 matrices

A A1 A;
A = A = A = .
H [A:sz Ass] b [A:n Ags} P [A:n A31} ’

These matrices are three of the nine matrices called the minors of matrix A.

Definition 3.1.7. The 2 x 2 matriz A” is called the (i, j)-minor of a 3 x 3 matriz A iff /-\ZJ
is obtained from A by removing the row i and the column j. The (i, j)-cofactor of matrix

A is the number Cyj = (—1)0+7) det('&ij)-

These definitions are common in the literature, and they allow to write down a compact
expression for the determinant of a 3 x 3 matrix. Indeed, the expression in Definition [3.1.0l
now has the form

det(A) = A11C11 + A12C12 + A13C1s.
Of course, all the complexity in the definition of determinant is now hidden in the definition

of the cofactors. The latter expression is not simpler than the one in Definition B.1.6, it
only looks simpler.

1 3 -1
ExaMmpLE 3.1.3: Find the determinant of the matrix A= |2 1 1
3 2 1
SOLUTION: We use the definition above, that is,
1 3 -1
1 1 2 1 2 1
2 1 1:1’ ’—3’ ’+(—1)’ ‘
3 9 1 2 1 3 1 3 2
=(1-2)-3(2-3)—(4-3)
=1+3-1
=1.
We conclude that det(A) = 1. <

As in the 2 x 2 case, the determinant of a real-valued 3 x 3 matrix can be any real num-
ber, positive, negative of zero. The absolute value of the determinant has the geometrical
meaning, see Fig.

Theorem 3.1.8. The number |det(A)|, the absolute value of the determinant of matriz
A =[A.1,Aq, As], is the volume of the parallelepiped formed by the vectors A.1, A, As.

We do not give a prove of this statement. See the references at the end of the Section.
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Xy

FIGURE 28. The geometrical meaning of the determinant of a 3 x 3 matrix
is that its absolute value is the volume of the parallelepiped formed by the
matrix column vectors.

ExAMPLE 3.1.4: Show that the determinant of an upper triangular or a lower triangular
matrix is the product of its diagonal elements.

SOLUTION: Denote by A an upper-triangular matrix. Then, the definition of determinant
of a 3 x 3 matrix implies

All A12 A13

det(A) = 0 A22 A23 = A11
0 0 Ass

Agy Az

We obtain that det(A) = Aj; Ass Az, Suppose now that A is lower-triangular. The definition
of determinant of a 3 x 3 matrix implies

A 0 0
det(A) = [Ayy Agy 0 | = Ay ﬁm AO 0‘2121 AO 2121 2122 '
Azr Azz Ass 82 a8 31 33 31 32
We obtain that det(A) = Aj; Agp Ass. 4

The determinant function on 3 x 3 satisfies a generalization of the properties proven for
2 x 2 matrices in Theorem B.1.3]

Theorem 3.1.9. For all vectors a1, as, az, b € F3 and scalars k € F, the determinant
function det : F33 — F satisfies:
(a) det([a1,as,a3]) = — det([az, a1,a3]) = —det([a1, a3,22]);
(b) det([k a1, a2, 33]) =k det([al, ag, 83]);
(C) det([ah kah ag]) = 0,'
(d) det([(31 + b), a9, ag]) = det([al, ao, 33}) + det([b, ao, 33}) .
The proof of this Theorem is left as an exercise. The property (@) implies that all the

remaining properties ([)-(d)) also hold for all the column vectors. That is, from properties (@)
and (b)) one also shows

det([kal,ag,ag]) = det([al,kag,ag]) = det([al,aQ,kag]) =k det([al,ag,ag]);
from properties (@) and (@) one also shows

det([a1,a2,ka1]) =0, det([ar, a2, kas]) = 0;
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and from properties (@) and (d) one also shows
det([a1, (a2 + b), a3]) = det([a1, a2, a3]) + det([a1, b, a3]),
det([a1,az, (a3 + b)]) = det([a1, a2, a3]) + det([a1, a2, b]).
The following result is a generalization of Theorem B.T.4

Theorem 3.1.10. Let A, B € F33. Then it holds:
(a) Matriz A is invertible iff det(A) # 0;
(b) det(A) = det(AT);
(c) det(AB) = det(A) det(B).

1
(d) If matriz A is invertible, then det(A™1)

~ det(A)
The proof of this Theorem is left as an exercise. Like in the case of matrices 2 x 2,

Theorem B.1.9] can be generalized from properties involving column vector to properties
involving row vectors.

Theorem 3.1.11. For all vectors al., al., al., bl. € F3 and scalars k € F, the determinant
function det : F33 — F satisfies:

ar: a: as: ai:
(a) det(;zz )z—det( 2; );:—det( : );:—det( 2;; );
7431:_ ar:
(b) det( :2 ) =k det( 22 ):
o T
(c) det( =kae;):1:_ ) =0;
w ao( <“’) )= (2] [,

The proof is left as an exercise. The property (@) implies that all the remaining properties
([B)-(d) also hold for all the row vectors. That is, from properties (@) and (b)) one also shows

kai. ai. a. aj.
det( :i ):det( kaa32 ):det( ag:: ):kdet( 22 );

k as
from properties (@) and (@) one also shows

ai. ar:
det( kaa2:1: ):0; det( kaa;: )zO;

from properties (@) and (d) one also shows

ay. ar: ai:
det (a2:;;b2:) ) = det( o )+ det( :2 ).

ai. ai. ai.

det( o a—i;b&) ) = det( :2 ) + det( _Ezi_ )
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3.1.3. Determinant of n x n matrices. The notion of determinant can be generalized
to n x n matrices with n > 1. One way to find an appropriate generalization is to realize
that the determinant of 2 x 2 and 3 x 3 matrices are related to the notion of areas and
volumes, respectively. One then studies the properties of areas an volumes, like the ones
given in Theorem and It can be shown that generalizations of these properties
determine a unique function det : F™™ — F. In this notes we only present the final result,
the definition of determinant for n x n matrices. The reader is referred to the literature for
a constructive proof of the function determinant.

Definition 3.1.12. The determinant of a matriv A = [A;;] € F™", with n > 1 and
1,7 =1,---,n, is the value of the function det : F™" — F is given by

det(A) =A1Ci1+ -+ A, Cup, (3’1)
where the number Cy;, called (i,7)-cofactor of matriz A, is the scalar given by

and where the matrices A” e Fn=1:(n=1) " cqlled the (i,j)-minors of A, are obtained from
matriz A by eliminating the row ¢ and the column j, which are highlighted below

Ay o Ay o Ag,
Aij = A - Ay - Ay
A oo Any o Apn

ExamPLE 3.1.5: Use Eq. (B) to compute the determinant of a 2 x 2 matrix.

All A12

SOLUTION: Consider the matrix A =
Asr Aso

] . The four minor matrices are given by

All = A22a A12 = A217 A21 = A127 A22 = A11~

This means, generalizing the notion of determinant to numbers by det(a) = a, that the
cofactors are

Ci1 = Ay, Cio=—-A4y, Cin=-A1, Cipn=A1n.
So, we obtain that

d()t(A) == A11011 + A12012 =4 d()t(A) == A11A22 - A12A21.

Notice that we do not need to compute all four cofactors to compute the determinant of the
matrix; just two of them are enough. <
EXAMPLE 3.1.6: Use Eq. (B) to compute the determinant of a 3 x 3 matrix.

SOLUTION: Consider the matrix

A A Agg
A= |Aa Ay Ao
Az Az Ass
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The nine minor matrices are given by

'&11 _ [Ags A23_ /&12 _ [ A2 A23_ /&13 _ (A2 Aso
| Az2 Ass| |Asz1 Az | As1 As2
2‘\2 _ [A1p Ass] ;‘\22 _ (A1 Ass] ;‘\23 _ (A1 As]
VT |As Ass) |A3z1 Az |As1 Asz]
A L= (A1 Az A L= (A1 Az /&2 _ (A1 Ajg]
3 | Aoa Aoz | 3 | Ao1 Aoz 57 A As
Then, Def. agrees with Def. B.1.6] since
det(A) = A11C11 + A12C12 + A13C13
is equivalent to
Asy Ao Aoy Ao Asy Agp
det(A) = A — : .
et(A) Az Ass 21 A3 Ass A3 Ase

<

We now state several results that summarize the main properties of the determinant of
nxn matrices. We state the results without proof. The frost result says that the determinant
of a matrix can be computed using expansions along any row or any column in the matrix.

Theorem 3.1.13. The determinant of an nxn matric A = [A;;] can be computed expanding
along any row or any column of matriz A, that is,

det(A) = A;1Cip + -+ AinCin, i=1,---,n,
= A1;015 + -+ ApiChj, j=1,---,n

EXAMPLE 3.1.7: Show all possible expansions of the determinant of a 3 x 3 matrix A = [A4;;].

SOLUTION: The expansions along each of the three rows are the following:

det(A) = A11C11 + A12C12 + A13C13
= A21Co1 + A22C29 + A23C53
= A31C51 + A32C30 + A33Cs3;

The expansions along each of the three columns are the following:

det(A) = A11C11 + A21Co1 + A31C3
= A12C12 + A22Co9 + A32C39
= Ay13C13 + Az3Ca3 + A33C33.

<
1 3 -1

ExampLE 3.1.8: Compute the determinant of A= [2 1 1| with an expansion by the
3 2 1

third column.
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SOLUTION: The expansion by the third column is the following,

Lsol 2 1 1 3 13
2 1 1|=(— -
s 5 (1)’3 2' (1)‘3 2‘”1)‘2 1‘
—(4-3)—-(2-9)+(1-06)
=—147-5
=1,
That is, det(A) = 1. This result agrees with Example <

The generalization of Theorem B.1.9]to n x n matrices is the following.

Theorem 3.1.14. For all vectors a;, aj,b € F", with i,j = 1,---,n, and for all scalars
k €T, the determinant function det : F™™ — F satisfies:
(a) det([ala Ayttt aj?"' 7anD = _det([ah'" 7aj7"' 3yttt 7an]);

(b) det([ar, - ,ka;, - ,a,]) =k det([ar, -+ a5, ,a,));
(c) det([ar, -+ ,ka;, -+ a5, ,a,]) =0;
(d) det([a1, -, (a;+b), - ,a,]) =det([ar, -+ ,a;,--+ ,a,]) +det([b,--- ,b, -+ ,a,]).

The generalization of Theorem B.I1.10/ to n x n matrices is the following.

Theorem 3.1.15. Let A, B € F™"™. Then it holds:
(a) Matriz A is invertible iff det(A) # 0;

(b) det(A) = det(AT);

(c) det(A) = det(A);

(d) det(AB) = det(A) det(B).

(e) If matriz A is invertible, then det(A™1) =

1
det(A)”
The proof of this Proposition is left as an exercise. Like in the case of matrices 2 x 2,

Theorem [B.1.9 can be generalized from properties involving column vector to properties
involving row vectors.

Theorem 3.1.16. For all vectors aj., al,, b € F" and scalars k € F, the determinant
function det : F™*" — F satisfies:

ar: ar: ar:
: : ai: ai: ai: ai: ait:
a;. aj: k a;. . . .
= - ) kai: =k A |3 = 07 (ai: + bz) = |a; |+ bz .
aj: 3i; : : 3i; : : :
an: an: E a'n.: an: a’n:
an: an: an:
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3.1.4. Exercises.

3.1.1.- Find the determinant of matrices

2 1 1 2 1 1
A=|6 2 1|,B=|6 0 1
2 2 1 2 0 1

3.1.2.- Find the volume of the parallelepi-
ped formed by the vectors

3 0 1
X1 = 0 , X2 = 2 , X3 = 0
—4 0 1

3.1.3.- Find the determinants of the upper
and lower triangular matrices

1 2 3 1 0 O
U=10 4 5|,L=12 3 O
0 0 6 4 5 6
3.1.4.- Find the determinant of the matrix
0 0 1
A=1(0 2 3
4 5 6

3.1.5.- Give an example to show that in
general

det(A + B) # det(A) + det(B).

3.1.6.- If A € F™™ express
det(2A), det(—A), det(A?)
in terms of det(A) and n.
3.1.7.- Given matrices A, P € F™", with P

invertible, let B = P"*AP. Prove that
det(B) = det(A).

3.1.8.- Prove that for all matrix A € F™"
holds that det(A*) = det(A).

3.1.9.- Prove that for all A € F™"™ holds
that det(A*A) > 0.

3.1.10.- Prove that for all A € F™" and all
k € F holds that det(kA) = k™ det(A).

3.1.11.- Prove that a skew-symmetric ma-
trix A € F™", with n odd, must satisfy
that det(A) = 0.

3.1.12.- Let A € F™" be a matrix satisfying
that ATA = I,,. Prove that

det(A) = £1.
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3.2. APPLICATIONS

In the previous section we mentioned that the absolute value of the determinant is the
area of a parallelogram formed by the column vectors of a 2 x 2 matrix, while it is the volume
of the parallelepiped formed by the column vectors of a 3 x 3 matrix. There are several other
applications of determinants. They determine whether a matrix A € F™" is invertible or
not, since a matrix A is invertible iff det(A) # 0. They determine whether a square system
of linear equations has a unique solution for every source vector. The determinant is the key
tool to find a formula for the inverse matrix, hence a formula for the solution components
of a square linear system, called Cramer’s rule. We discuss these to applications in more
detail below.

3.2.1. Inverse matrix formula. The determinant of a matrix plays a crucial role in a
formula for the inverse matrix. The existence of this formula does not change the fact that
one can always compute the inverse matrix using Gauss operations. This formula for the
inverse matrix is important though, since it explicitly shows how the inverse matrix depends
on the coeflicients of the original matrix. It thus shows how the inverse changes when the
original matrix changes. The formula for the inverse matrix shows that the inverse matrix
is a continuous function of the original matrix.

Theorem 3.2.1. Given a matriz A = [A;;] € F»", let C = [C;;] be its cofactor matriz,
where the cofactors are given by Cy; = (—1)0F) det(A;;), and matriz A;; € F—1:(=1) g
the (i, j)-minor of matriz A. If det(A) # 0, then the inverse of matriz A is given by
1 1
-1 T ~ -1
=——C that A™Y = ——0Cy.
det(A) ~ atis, (A7), det(A) 7

Proof of Theorem [B.2.3k Since det(A) # 0 we know that matrix A is invertible. We only
need to verify that the expression for A=! given in Theorem [B.2.1]is correct. That is, we
need to show that CTA = det(A) 1, = ACT. We start with the product

(CTA)ij = (CliAlj R C'm'Anj)‘

Notice that this component (C"A);; is precisely the the expansion along the column ¢ of the
determinant of the following matrix: The matrix constructed from matrix A by placing the
column vector Aj;, in both columns 7 and j. In the particular case that ¢ < j, this component
(CTA);; has the form

Ay - Ay o Ay Ay,

A o Ay o Ay A
(CLiAyj + -+ Cnidy) = | : : PlLi<,

Ajp o Ay o Ay Ay,

App o Apy o Ay o Ay

where we have highlighted in blue the column ¢ which is occupied by the column vector
A.;. The determinant on the right hand side vanishes, since for ¢ < j the matrix has the
columns i and j repeated. A similar situation happens for ¢ > j. So, we conclude that the
non-diagonal elements of (CTA) vanish. The diagonal elements are given by

(CTA)ji = (C1iAri + -+ + CpiAp;) = det(A),

the determinant of A expanded along the i-th column. This shows that CTA = det(A) l,,. A
similar analysis shows that A CT = det(A)l,,. This establishes the Theorem. O
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ExAMPLE 3.2.1: Use the formula in Theorem [B.2.1] to find the inverse of matrix

1 3 -1
A=1(2 1 1
3 2 1

SoLuTION: We already know from Example B3| that det(A) = 1. We now need to compute
all the cofactors:

1 1 2 1 2 1
Cn ]2 1| 012\3 1] 013\3 2\
3 -1 1 -1 1 3
= —57 = 4, - 7;
3 -1 1 -1 1 3
C31 = ’1 1 ‘ Cso ‘2 1 ‘ Cs3 ‘2 1‘
=4; = -3; =-5
Therefore, the cofactor matrix is given by
-1 1 1
C=|-5 4 71,
4 -3 -5

and the formula A=! = C”/ det(A) together with det(A) = 1 imply that

-1 -5 4
Al=11 4 -3
1 7 =5

<

The formula in Theorem [B.2.1]is useful to compute individual components of the inverse
of a matrix.

ExAaMPLE 3.2.2: Find the coefficients (Afl)12 and (Afl)?)2 of the matrix
1 1 1
A=1|1 -1 2
1 1 3
SOLUTION: We first need to compute
-1 2 1 2 1 -1
det(A) = (1) 1 3’—(1) ‘1 3 + (1) Il 1’2—5—1—}—2 = det(A) = —4.
The formula in Theorem [3.2.1] implies that
1 1 1 1
—1 —1
(A )12:_74021, 021:(—1)'1 3‘2—2, = (A )12—5.
1 1 1
1 _
(A )32:1023’ 023(1)‘1 1'07 = (A 1)32:0
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3.2.2. Cramer’s rule. We know that given an invertible matrix A € F™", a system of
linear equations Ax = b has a unique solution x for every source vector b € F™. This
solution can be written in terms of the inverse matrix A~! as x = A~'b. The formula for
the inverse matrix given in Theorem B.2.1] provides an explicit expression for the solution x.
The result is known as Cramer’s rule, and it is summarized below.

Theorem 3.2.2. If the matriz A = [Ag,--- ,As] € F™" is invertible, then the system of
linear equations Ax = b has a unique solution x = [x;] for every b € F"™ given by

det(A(b)
" det(A)
with matriz A;(b) = [A1, -+ ,b,--- ,A,] where vector b is placed in the i-th column.

ExaMPLE 3.2.3: Use Cramer’s rule to find the solution x of the linear system Ax = b, where

Sl ST R R}

SOLUTION: We first need to compute the determinant of A, that is,
det(A) =18 —-10 = det(A) =8.
Then, we need to find the matrices A;(b) and As(b), given by

Ai(b) = [b,Ay] = [_75 _ﬂ , As(b) = [A1,b] = [_35 _75} .

We finally compute their determinants,
det(A1(b)) =42 — 10 = 32, det(Az(b)) = —15+ 35 = 20.

So the solution is,
« 1 32 4 20 5 N 4
= €T = —_— = €To —= — —= — X =
T TR ’ 278 5
<

Proof of Theorem [3.2.2k Since matrix A is invertible, the solution to the linear system
is x = A~!b. Using the formula for the inverse matrix given in Theorem B2} the solution
x = [z;] can be written as

Cjibj.

1 -
=1

_ T L
e P T T Ay

J

Notice that the sum in the last equation above is precisely the expansion along the column
i of the determinant of the matrix A;(b), that is,

Ay oo by e A .
det(A;(b) = | : : L =010+ + b = Y ;G
Ayy oo by e Ay, i=1
where the vector b replaces the vector A; in the column i of matrix A. So, we conclude that
o det(A;(b))
’ det(A)

This establishes the Theorem. O
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3.2.3. Determinants and Gauss operations. Gauss elimination operations can be used
to compute the determinant of a matrix. If a Gauss operation on matrix A produces matrix
B, then det(A) is related to det(B) in a precise way. Here is the relation.

Theorem 3.2.3. Let A, B € F"™" be matrices related by a Gauss operation, that is, A — B
by a Gauss operation. Then, the following statements hold:

(a) If matriz B is the result of adding to a row in A a multiple of another row in A, then
det(A) = det(B);
(b) If matriz B is the result of interchanging two rows in A, then
det(A) = — det(B);
(c) If matriz B is the result of the multiplication of one row in A by a scalar % €T, then

det(A) = k det(B).

Proof of Theorem [3.2.3t We use the row vector notation for matrices A and B,

Al: Bl:
A= |, B=|:
A’ﬂ: B’I’LZ
Part @): Matrix B results from multiplying row j of A by k and adding that to row 4,
[ Al: T Al: Al: Al: Al:
Ai: + kA] Az + kA] A7, A] Az
B= : = det(B) = : = |4+k| ] =] |=det(A).
A A A;. A;. A
A’ILZ _ An: An: An: An:
Part (B): Matrix B is the result of the interchange of rows i and j in matrix A, that is,
—Al:- _Alz_ Al: Al:
Ai: Aj Aj Ai:
A=| 1| —=B=]: = det(B)=|: |=—] 1 | =—det(A).
Aj: Az Az Aj:
_Ani_ _An:_ An: An:

1
Part ([@): Matrix B is the result of the multiplication of row ¢ of A by z € IF, that is,

Al: Al: Al: Al:

A=[A.| - B= %Az = det(B) = %Az = Al =— det(A)

T =
-

A’I’LZ A’VLI A'I’LZ A”L:
This establishes the Theorem. O
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ExXAMPLE 3.2.4: Use Gauss operations to transform matrix A below into upper-triangular
form, and use that calculation to find det(A), where,

1 3 -1
A=12 1 1
3 2 1
SOLUTION: We perform Gauss operations to transform A into upper-triangular form:
1 3 -1 1 3 -1 1 3 -1 1 3 -1
det(A)=12 1 1|=|0 =5 3|=(-5)|0 1 =3/5/=(-5)|0 1 =3/5].
3 2 1 0 -7 4 0 -7 4 0 0 -1/5

We only need to reduce matrix A into upper-triangular form, not into reduced echelon
form, since the determinant of an upper-triangular matrix is simple enough to find, just the
product of its diagonal elements. In our case we find that

1 3 -1
det(A) = (=5) [0 1 —3/5 :(4)(1)(1)(%) = det(A) = 1.
00 —1/5
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3.2.4. Exercises.

3.2.1.- Use determinants to compute A™",
where

2 1 1

A=]6 2 1

-2 2 1

3.2.2.- Find the coefficients (A™');2 and
(A™1)34, where

1 5 7
A=12 1 0
4 1 3
3.2.3.- Use Gauss operations to reduce ma-

trices A and B below to upper triangu-
lar form and evaluate their determinant,

where
1 2 3 1 3 5
A=12 4 1|,B=[-1 4 2
1 4 4 3 -2 4
3.2.4.- Use Gauss operations to prove the
formula
1 a a?

1 b b*|=(b-a)c—a)c—0b).
1 ¢ &

3.2.5.- Use the det(A) to find the values
of the constant k£ such that the system
Ax = b has a unique solution for every
source vector b, where

1 k£ 0
A=10 1 -1
k 0 1

3.2.6.- Use Cramer’s rule to find the solu-
tion to the linear system

ax1+bxa=1
cr1 +dxs =0.
where a, b, ¢, d € R.

3.2.7.- Use Cramer’s rule to find the solu-
tion to the linear system

1 1 1 T 1
1 1 0 T2| = |2
0 1 1 T3 3
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CHAPTER 4. VECTOR SPACES

4.1. SPACES AND SUBSPACES

A vector space is any set where the linear combination operation is defined on its elements.
In a vector space, also called a linear space, the elements are not important. The actual
elements that constitute the vector space are left unspecified, only the relation among them
is determined. An example of a vector space is the set F" of n-vectors with the operation
of linear combination studied in Chapter [l Another example is the set F™"™ of all m x n
matrices with the operation of linear combination studied in Chapter We now define
a vector space and comment its main properties. A subspace is introduced later on as a
smaller vector space inside the original one. We end this Section with the concept of span
of a set of vectors, which is a way to construct a subspace from any subset in a vector space.

Definition 4.1.1. A set V is a vector space over the scalar field F € {R,C} iff there
are two operations defined on 'V, called vector addition and scalar multiplication with the
following properties: For all u, v, w € V the vector addition satisfies

(A1) u+veV, (closure of V' );

(A2) u+v=v+u, (commutativity);

(A3) (u+v)+w=u+ (v+w), (associativity);

(A4) 30€V : O+u=u YueV, (existence of a neutral element);

(A5)VueV 3IJ(—u) eV : u+ (—u) = 0, (existence of an opposite element);

furthermore, for all a, b € F the scalar multiplication satisfies

(M1) au eV, (closure of V' );
(M2) 1u=u, (neutral element);
(M3) a(bu) = (ab)u, (associativity);
(M4) a(u+ v) = au+ av, (distributivity);
(M5) (a+b)u = au+ bu, (distributivity).

The definition of a vector space does not specify the elements of the set V, it only
determines the properties of the vector addition and scalar multiplication operations. We
use the convention that elements in a vector space, called vectors, are represented in boldface.
Nevertheless, we allow several exceptions, the first two of them are given in Examples .11l
and We now present several examples of vector spaces.

EXAMPLE 4.1.1: A vector space is the set F" of n-vectors u = [u;] with components u; € F
and the operations of column vector addition and scalar multiplication given by

[we] + [vi] = [ui +vi],  alwi] = [aug].

This space of column vectors was introduced in Chapter [Il Elements in these vector spaces
are not represented in boldface, instead we keep the previous sanserif font, u € F"*. The
reason for this notation will be clear in Sect. L4l N

ExAMPLE 4.1.2: A vector space is the set " of m x n matrices A = [A;;] with matrix
coefficients A;; € F and the operations of addition and scalar multiplication given by

[Ai] + [Bij] = [Ais + Big],  alAy] = [ady],

These operations were introduced in Chapter 2l As in the previous example, elements in
these vector spaces are not represented in boldface, instead we keep the previous capital
sanserif font, A € F"". The reason for this notation will be clear in Sect. {4l <
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ExaMPLE 4.1.3: Let P,,(U) be the set of all polynomials having degree n > 0 and domain
U C T, that is,

P,(U) = {p(z) = ap + a1z + - -+ + a,z™, with ag, -+ ,a, € F and x € U C F}.

The set P, (U) together with the addition of polynomials (p + q)(z) = p(x) + g(z) and the
scalar multiplication (ap)(x) = ap(x) is a vector space. In the case U = R we use the
notation P,, = P, (R). <

EXAMPLE 4.1.4: Let C*([a, b],F) be the set of scalar valued functions with domain [a,b] C R
with the k-th derivative being a continuous function, that is,

Ck([a, b],IF) = {f : [a,b] = F such that F* s continuous}.
The set C*([a,b],F) together with the addition of functions (f + g)(z) = f(z) + g(z) and

the scalar multiplication (af)(x) = a f(x) is a vector space. The particular case C*(R, R)
is denoted simply as C*. The set of real valued continuous function is then C°. <

ExaMpLE 4.1.5: Let ¢ be the set of absolute convergent series, that is,

= {az Zan . a, €F and Z |an] exists}.
n=0

The set ¢ with the addition of series a + b = > (a,, + b,,) and the scalar multiplication
ca =Y ca, is a vector space. <

The properties (All)-(MBA]) given in the definition of vector space are not redundant. As
an example, these properties do not include the condition that the neutral element 0 is
unique, since it follows from the definition.

Theorem 4.1.2. The element 0 in a vector space is unique.

Proof Theorem [4.1.2k Suppose that there exist two neutral elements 0; and 0 in the
vector space V, that is,

Oi+u=u and Oy +u=wu forall wuwueV
Taking w = 0, in the first equation above, and w = 0 in the second equation above we
obtain that
01+ 0, = 05, 0, + 0, = 0.
These equations above simply that the two neutral elements must be the same, since
02 =01+ 0z =02+ 0, = 0y;
where in the second equation we used that the addition operation is commutative. This
establishes the Theorem. |
Theorem 4.1.3. It holds that 0 u = 0 for all element w in a vector space V.
Proof Theorem [4.1.3t For every u € V holds
u=lu=(140u=1u+0u=u+0u=0ut+uv = u=0u+uwu

This last equation says that Ou is a neutral element, 0. Theorem [A.1.2] says that the neutral
element is unique, so we conclude that, for all w € V' holds that

Ou=0.

This establishes the Theorem. ]

Also notice that the property (AR]) in the definition of vector space says that the opposite
element exists, but it does not say whether it is unique. The opposite element is actually
unique.
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Theorem 4.1.4. The opposite element —u in a vector space is unique.

Proof Theorem [4.1.4t Suppose there are two opposite elements —u; and —uy to the
element u € V| that is,

u+ (—u) =0, u+ (—uz) = 0.

Therefore,
(—w) = 0+ (—w)
=t () o+ ()
=(—u) tu+(—w)
= (-uw)+0
=0+ (—up)
=(-w) = (-wm)=(-w)
This establishes the Theorem. |

Finally, notice that the element (—u) opposite to w is actually the element (—1)u.
Theorem 4.1.5. [t holds that (—1) u = (—u).
Proof Theorem
0=0u=(1-Nu=1lu+(-l)u=u+(-1)u

Hence (—1)w is an opposite element of u. Since Theorem ETA says that the opposite
element is unique, we conclude that (—1) u = (—u). This establishes the Theorem. O

4.1.1. Subspaces. We now introduce the notion of a subspace of a vector space, which is
essentially a smaller vector space inside the original vector space. Subspaces are important
in physics, since physical processes frequently take place not inside the whole space but in a
particular subspace. For instance, planetary motion does not take plane in the whole space
but it is confined to a plane.

Definition 4.1.6. The subset W C V' of a vector space V' over F is called a subspace of
V iff for all uw, ve W and all a, b € F holds that au+ bv € W.

A subspace is a particular type of set in a vector space. Is a set where all possible linear
combinations of two elements in the set results in another element in the same set. In other
words, elements outside the set cannot be reached by linear combinations of elements within
the set. For this reason a subspace is called a closed set under linear combinations. The
following statement is usually helpful

Theorem 4.1.7. If W C V is a subspace of a vector space V', then 0 € W.

This statement says that 0 ¢ W implies that W is not a subspace. However, if actually
0 € W, this fact alone does not prove that W is a subspace. One must show that W is
closed under linear combinations.

Proof of Theorem [£.1.7t Since W is closed under linear combinations, given any element
uw € W, the trivial linear combination 0 v = 0 must belong to W, hence 0 € W. This
establishes the Theorem. |

EXAMPLE 4.1.6: Show that the set W C R? given by W = {u = [u;] € R? : u3 =0} isa
subspace of R3:
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SOLUTION: Given two arbitrary elements u, v € W we must show that au 4+ bv € W for all
a, b € R. Since u, v € W we know that

Uy U1
u= jusz|, V = | V2
0 ] 0
Therefore
(auq + by
au+bv = |aus +bvy| € W,
0

since the third component vanishes, which makes the linear combination an element in W.
Hence, W is a subspace of R?. In Fig. 29 we see the plane uz = 0. It is a subspace, since
not only 0 € W, but any linear combination of vectors on the plane stays on the plane. <

u, ‘ W={u,=0}

FIGURE 29. The horizontal plane us = 0 is a subspace of R3.

EXAMPLE 4.1.7: Show that the set W = {u = [u;] € R? : up =1} is not a subspace of R?.

SoLUTION: The set W is not a subspace, since 0 ¢ W. This is enough to show that W
is not a subspace. Another proof is that the addition of two vectors in the set is a vector
outside the set, as can be seen by the following calculation,

u[ull]GVV, v[lﬂeW = u+v[“1‘;“1}¢w.

The second component in the addition above is 2, not 1, hence this addition does not belong
to W. An example of this calculation is given in Fig. <

u,

FIGURE 30. The horizontal line uy = 1 is not a subspace of R2.
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R X, U R X, R X,
w
\

FIGURE 31. Three subsets, U, V, and W, of R?. Only the set U is a subspace.

EXAMPLE 4.1.8: Determine which one of the sets given in Fig. BIlis a subspace of R?.

SOLUTION: The set U is a vector space, since any linear combination of vectors parallel to
the line is again a vector parallel to the line. The sets V' and W are not subspaces, since
given a vector u in these spaces, a the vector au does not belong to these sets for a number
a € R big enough. This argument is sketched in Fig.

R’ X, U R? X, R Xy au
w

au

77, u
P4

Xy Xy X1

FIGURE 32. Three subsets, U, V, and W, of R?. Only the set U is a subspace.

<

4.1.2. The span of finite sets. If a set is not a subspace there is a way to increase it into
a subspace. Define a new set including all possible linear combinations of elements in the
old set.

Definition 4.1.8. The span of a finite set S = {uy, -+ ,u,} in a vector space V over F,
denoted as Span(S), is the set given by

Span(S)={weV : u=crw + - +cptty, c1, - ,c, €EF}L

The following result remarks that the span of a set is a subspace.
Theorem 4.1.9. Given a finite set S in a vector space V, Span(S) is a subspace of V.

Proof of Theorem H.1.9t Since Span(S) contains all possible linear combinations of
the elements in S, then Span(S) is closed under linear combinations. This establishes the
Theorem. ]

EXAMPLE 4.1.9: The subspace Span({v}), that is, the set of all possible linear combinations
of the vector v, is formed by all vectors of the form cv, and these vectors belong to a line
containing v. The subspace Span({v, 'w}), that is, the set of all linear combinations of two
vectors v, w, is the plane containing both vectors v and w. See Fig. B3 for the case of the
vector spaces R? and R3, respectively. <
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. R2 R X, Span{v, w}

Span{v}

FicURE 33. Examples of the span of a set of a single vector, and the span
of a linearly independent set of two vectors.

4.1.3. Algebra of subspaces. We now show that the intersection of two subspaces is again
a subspace. However, the union of two subspaces is not, in general, a subspace. The smaller
subspace containing the union of two subspaces is precisely the span of the union. We then
define the addition of two subspaces as the span of the union of two subspaces.

Theorem 4.1.10. If Wy and Wy are subspaces of a vector space V', then Wi NWy C V is
also a subspace of V.

Proof of Theorem Let w and v be any two elements in W7 N Ws. This means
that u, v € Wy, which is a subspace, so any linear combination (au + bv) € Wj. Since u, v
belong to W7 N W5 they also belong to W5, which is a subspace, so any linear combination
(au+ bv) € Wy. Therefore, any linear combination (aw + bv) € Wi N Ws. This establishes
the Theorem. O

EXAMPLE 4.1.10: The sketch in Fig. B4l shows the intersection of two subspaces in R3, a
plane and a line. In this case the intersection is the former line, so the intersection is a
subspace.

Xy

FIGURE 34. Intersection of two subspaces, W; and W in R3. Since the
line W5 is included into the plane Wy, we have that Wy N Wy = Wh.

<

While the intersection of two subspaces is always a subspace, their union is, in general,
not a subspace, unless one subspace is contained into the other.
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EXAMPLE 4.1.11: Consider the vector space V = R2, and the subspaces W, and W5 given
by the lines sketched in Fig. Their union is the set formed by these two lines. This set
is not a subspace, since the addition of the vectors u; € Wi with us € W5 does not belong
to W1 U Wa, as is it shown in Fig.

uq _ _,——"’——\

F1GURE 35. The union of the subspaces W7 and W5 is the set formed by
these two lines. This is not a subspace, since the addition of u; € W; and
up € Ws is the vector v which does not belong to W7 U Ws.

<

Although the union of two subspaces is not always a subspace, it is possible to enlarge
the union into a subspace. The idea is to incorporate all possible additions of vectors in the
two original subspaces, and the result is called the addition of the two subspaces. Here is
the precise definition.

Definition 4.1.11. The addition of the subspaces W1, Wy in a vector space V', denoted
as W1 + Wa, is the set given by

W1+W2:{u€V U= W + wo with’wl€W1, w2€W2}.

The following result remarks that the addition of subspaces is again a subspace.

Theorem 4.1.12. If Wy and Wy are subspaces of a vector space V', then the addition
W1 + Ws is also a subspace of V.

Proof of Theorem Suppose that £ € Wi + W5 and y € Wy + W5, We must
show that any linear combination ax + by also belongs to W7 + W5. This is the case, by
the following argument. Since & € W7 4+ Ws, there exist &; € Wi and x, € W5 such that
x = @1 + T2. Analogously, since y € Wy + W, there exist y; € Wi and y, € W, such that
Y=y, + yo. Now any linear combination of & and y satisfies

az+by = a(z + o) + b(y, + ys)
= (am + by;) + (ax2 + by,)

Since Wy and Ws are subspaces, (az; + by,) € W1, and (axzz + by,) € Wa. Therefore, the
equation above says that (ax + by) € Wi + Ws. This establishes the Theorem. O

EXAMPLE 4.1.12: The sketch in Fig. [36] shows the union and the addition of two subspaces
in R3, each subspace given by a line through the origin. While the union is not a subspace,
their addition is the plane containing both lines, which is a subspace. Given any non-zero
vector w; € Wi and any other non-zero vector wy € Ws, one can verify that the sum of two
subspaces is the span of {wl, wg}, that is,

Wi + Wa = Span({w; } U {w}).
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FIGURE 36. Union and addition of the subspaces W; and W5 in R3. The
union is not a subspace, while the addition is a subspace of R3.

4.1.4. Internal direct sums. This is a particular case of the addition of subspaces. It is
called internal direct sum in order to differentiate it from another type of direct sum found
in the literature. The latter, also called external direct sum, is a sum of different vector
spaces, and it is a way to construct new vector spaces from old ones. We do not discuss this
type of direct sums here. From now on, direct sum in these notes means the internal direct
sum of subspaces inside a vector space.

Definition 4.1.13. Given a vector space V', we say that V is the internal direct sum of
the subspaces Wy, Wo C V', denoted as V.= W1 @ Wa, iff every vector v € V can be written
in a unique way, except for order, as a sum of vectors from Wy and Wy.

A crucial part in the definition above is the uniqueness of the decomposition of every
vector v € V' as a sum of a vector in W7 plus a vector in W5. By uniqueness we mean the
following: For every v € V exist w; € Wy and wy € W5 such that v = w; + ws, and if
v = w, + wy with w; € W7 and wy, € Wy, then w; = w; and wy = wy. In the case that
V = W7 & W5 we say that Wy and W5 are direct summands of V', and we also say that W3
is the direct complement of Wy in V. There is an useful characterization of internal direct
sums.

Theorem 4.1.14. A wvector space V is the direct sum of subspaces W1 and Ws iff holds
both V. =W1 4+ Wy and W1 N Wy = {0}

Proof of Theorem [4.1.14:

(=) ItV =W; & Wy, then it implies that V = W7 + Ws. Suppose that v € W N Wa,
then on the one hand, there exists w; € Wj such that v = w; + 0; on the other hand, there
is wy € Wy such that v = 0+ w,. Therefore, w; = 0 and we = 0, so W1 N Wy = {0}.

(<) Since V. = Wy + Wy, for every v € V there exist wy € Wi and we € Wy such
that v = w; + wy. Suppose there exists other vectors w; € Wy and ws € W5 such that
v = w; + wy. Then,

0= (w1 —w)+ (wp —Ww2) & (w—w)=—(wp— W),
Therefore (w; — w;) € Wy and so (w; — wy) € Wi N W,. Since Wi N Wy = {0}, we then

conclude that w; = w;, which also says wy, = we. Then V = W7 & W5. This establishes
the Theorem. 0
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ExXAMPLE 4.1.13: Denote by Sym and SkewSym the sets of all symmetric and all skew-
symmetric n X n matrices. Show that F™"™ = Sym @ SkewSym.

SOLUTION: Given any matrix A € F™", holds
A=A+ %(AT —AT) = %(A+AT) + %(A—AT).

We then can decompose matrix as A = B + C, where matrix B = (A + AT) /2 € Sym while
matrix C = (AfAT) /2 € SkewSym. That is, we can write any square matrix as a symmetric
matrix plus a skew-symmetric matrix, hence F™"™ C Sym + SkewSym. The other inclusion
is obvious, that is, Sym + SkewSym C F™"™  because each term in the sum is a subset of
F™™. So, we conclude that
F™"™ = Sym + SkewSym.

Now we must show that Sym N SkewSym = {0}. This is the case, as the following argument
shows. If matrix D € Sym N SkewSym, then matrix D is symmetric, D = D7, but matrix D
is also skew-symmetric, D = —D7. This implies that D = —D, that is, D = 0, proving our
assertion that Sym N SkewSym = {0}. We then conclude that

Fn — SyHl (&) SkeVVSyIH.
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4.1.5. Exercises.

4.1.1.- Determine which of the following
subsets of R", with n > 1, are in fact
subspaces. Justify your answers.

(a) xeR™ : 220 i=1,---,n}
(b) {xeR™ : z; =0}

(c) {xeR™ : z1z2=0 n>2}

(d) {xeR" : z14+---+ 2z, =0}
() {xeR" : 14+ 4z, =1};

(f) {xE€R" : Ax=b, A#£0, b0}

4.1.2.- Determine which of the following
subsets of F'™™, with n > 1, are in fact
subspaces. Justify your answers.

{AcF™

(a) {AcF™™ . A=AT};

(b) {A€F™™ : A invertible};

(¢) {A€F™™ : A not invertible};

(d) {A€F™™ : A upper-triangular};
(e) {AcTF™™ . A2 =A};

(f) {AeF™" : tr(A) =0}.

(g) Given a matrix X € F™", define

. [A,X] = 0}.

4.1.3.- Find W71 +W> C RS, where Wi is a
plane passing through the origin in R?
and W3 is a line passing through the
origin in R® not contained in W;.

4.1.4.- Sketch a picture of the subspaces
spanned by the following vectors:

11 [3] [-2
(B

0] [17 [2
A o) o)

1] (1] [t
(c){g,l_,i}.

4.1.5.- Given two finite subsets S1, S2 in a
vector space V, show that

Span(S1 U S2) =
Span(S1) + Span(S2).

4.1.6.- Let Wi C R® be the subspace

1 1
Wi :Span({ 2(, 10 })
3 1
Find a subspace Wy C R? such that

R3 = W1 @ Wh.
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4.2. LINEAR DEPENDENCE

4.2.1. Linearly dependent sets. In this Section we present the notion of a linearly de-
pendent set of vectors. If one of the vectors in the set is a linear combination of the other
vectors in the set, then the set is called linearly dependent. If this is not the case, the set is
called linearly independent. This notion plays a crucial role in Sect. [£.3] to define a basis of
a vector space. Bases are very useful in part because every vector in the vector space can
be decomposed in a unique way as a linear combination of the basis elements. Bases also
provide a precise way to measure the size of a vector space.

Definition 4.2.1. A finite set of vectors {vl, e ,vk} in a vector space s called linearly
dependent iff there exists a set of scalars {c1,- -+ ,ck}, not all of them zero, such that,
C1’U1+"'+Ck11k = 0. (41)

On the other hand, the set {vl, ceey 'vk} is called linearly independent iff Eq. ({.1) implies
that every scalar vanishes, ¢ = -+ = ¢ = 0.

The wording in this definition is carefully chosen to cover the case of the empty set. The
result is that the empty set is linearly independent. It might seems strange, but this result
fits well with the rest of the theory. On the other hand, the set {0} is linearly dependent,
since ¢10 = 0 for any ¢; # 0. Moreover, any set containing the zero vector is also linearly
dependent.

Linear dependence or independence are properties of a set of vectors. There is no meaning
to a vector to be linearly dependent, or independent. And there is no meaning of a set
of linearly dependent vectors, as well as a set of linearly independent vectors. What is
meaningful is to talk of a linearly dependent or independent set of vectors.

EXAMPLE 4.2.1: Show that the set S C R? below is linearly dependent,

1 0 2
s=4Jo]- 1] 3]
SOLUTION: It is clear that

2 1 0 1 0 2 0
=2 B = o e [ - )
Since ¢; = 2, ¢ = 3, and ¢3 = —1 are non-zero, the set S is linearly dependent. <

It will be convenient to have the concept of a linearly dependent or independent set
containing infinitely many vectors.

Definition 4.2.2. An infinite set of vectors S = {vl, Vg, } in a vector space V is called
linearly independent iff every finite subset of S is linearly independent. Otherwise, the
infinite set S is called linearly dependent.

ExXAMPLE 4.2.2: Consider the vector space V = C‘X’([—f, 4], R), that is, the space of infin-
itely differentiable real-valued functions defined on the domain [—¢,¢] C R with the usual
operation of linear combination of functions. This vector space contains linearly indepen-
dent sets with infinitely many vectors. One example is the infinite sets S; below, which is
linearly independent,

S ={L,z,a% - 2", }.

Another example is the infinite set S, which is also linearly independent,

Sy = {1.,005(?),5111(?) }ZC:].
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4.2.2. Main properties. As we have seen in the Example [£.2.T] above, in a linearly depen-
dent set there is always at least one vector that is a linear combination of the other vectors
in the set. This is simple to see from the Definition {2211 Since not all the coefficients ¢;
are zero in a linearly dependent set, let us suppose that ¢; # 0; then from the Eq. (£I]) we
obtain .
’Uj = —; [61’01 + 4 Cj—lvj—l =+ Cj+1’l]j+1 4+ 4+ Ck’l)k},

J

that is, v; is a linear combination of the other vectors in the set.

Theorem 4.2.3. The set {'vl, e ,'vk} is linearly dependent with the vector vy being a
linear combination of the the remaining k — 1 vectors iff

Span({vl,--~ ,vk}) = Span({'vl,--- ,vk_l}).

This Theorem captures the idea behind the notion of a linearly dependent set: A finite
set is linearly dependent iff there exists a smaller set with the same span. In this sense the
vector vy in the Proposition above is redundant with respect to linear combinations.
Proof of Theorem .23t Let S, = {v1, -, v} and Sy = {w1, -+, vp_1}.

On the one hand, if vy is a linear combination of the other vectors in S, then for every
x € Span(Sg) can be expressed as an element in Span(Si_1) simply by replacing vy in terms
of the vectors in S. This shows that Span(Sy) C Span(Si_1). The other inclusion is trivial,
so Span(Sg) = Span(Sk_1).

On the other hand, if Span(Sy) = Span(Sk—1), this means that vy, is a linear combination
of the elements in Si_;. Therefore, the set Sy is linearly dependent. This establishes the

Theorem. O
9] [ 47 [-2] [-4

EXAMPLE 4.2.3: Consider the set S C R? given by S = { 21, 1=6],|-3],| 1 }
3| |8 2| -3

Find a set S C S having the smallest number of vectors such that Span(S) = Span(S).

SoLUTION: We have to find all the redundant vectors in S with respect to linear combina-
tions. In other words, with have to find a linearly independent subset of S C S such that

Span(S) = Span(S). The calculation we must do is to find the non-zero coefficients ¢; in
the solution of the equation

0 ) 4 —9 —4 2 4 —2 —4] |2
0l =¢; | 2| 4o |6 +e5|-3]+es| 1|=]2 -6 -3 1 22
0 -3 8 2 -3 -3 8 2 -3 03

4

Hence, we must find the reduced echelon form of the coefficient matrix above, that is,

-2 4 -2 -4 1 -2 1 2 1 -2 1 2 1 0 i
A=112 -6 -3 1| — -2 -5 =3| - 2 5 3| = 1 = Ea.

-3 8 2 =3 o 2 5 3 0 0 0 O 0 0

O ot O
Owjw Ut

This means that the solution for the coefficients is
5 3

Cc1 = 7663 - 564, Cy = ——C3 —

5 5 cs3, ¢4 free variables.

Choosing;:

-2 4 -2 0
c,=0,c3=2 = c¢=-12,co=-5 = =12 2| -5|-6|+2|=-3|=10{,
-3 8 2 0
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-2 4 —4 0
cy4=2,c3=0 = c¢=-10,c3c=-3 = =10 2| -3|—-6[+2]| 1|=10
-3 8 -3 0

We can interpret this result thinking that the third and fourth vectors in matrix A are linear
combination of the first two vectors. Therefore, a linearly independent subset of S having
its same span is given by

) 2] [4
S:{ 723 ., 786 }

Notice that all the information to find S is in matrix Ea, the reduced echelon form of
matrix A,

-2 4 -2 —4 1 06 5
A=]2 -6 -3 1|—|0 1 3 32| =Ea.
-3 8 2 =3 000 0

The columns with pivots in Ea determine the column vectors in A that form a linearly
independent set. The non-pivot columns in E5 determine the column vectors in A that are
linear combination of the vectors in the linearly independent set. The factors of these linear
combinations are precisely the component of the non-pivot vectors in Eax. For example, the
last column vector in Ex has components 5 and 3/2, and these are precisely the coefficients
in the linear combination:

—4 -2 3 4
11 =5 2|+=-|-6
-3 3] ?|s
<
In Example 23] we answered a question about the linear independence of a set S =
{vl, e ,vn} C F" by studying the properties of a matrix having these vectors a column
vectors, that is, A = [vh e ,vn]. It turns out that this is a good idea and the following
result summarizes few useful relations.
Theorem 4.2.4. Given A = [Azl, e ,/—\m] € F™™  the following statements are equivalent:
(a) The column vectors set {A.1,--- A} CF™ is linearly independent;

(b) N(A) = {0};
(c) rank(A) =n
In the case A € F™", the set {A.q,--+ A} CF" is linearly independent iff A is invertible.

Proof of Theorem [4. 2.4t Let us denote by S = {vl, e ,vn} C F™ a set of vectors in a
vector space, and introduce the matrix A = [vl, e 7vn}. The set S is linearly independent
iff only solution ¢ € R™ to the equation Ac = 0 is the trivial solution ¢ = 0. This is equivalent
to say that N(A) = {0}. This is equivalent to say that Ex has n pivot columns, which is
equivalent to say that rank(A) = n. The furthermore part is straightforward, since an n x n
matrix A is invertible iff rank(A) = n. This establishes the Theorem. O

Further reading. See Section 4.3 in Meyer’s book [3].
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4.2.3. Exercises.

4.2.1.- Determine which of the following
sets is linearly independent. For those
who are linearly dependent, express one
vector as a linear combination of the
other vectors in the set.

17 21 N
(a) { 2| 1], |5 };
3] lo] 9]
17 [o] [o] [1
(b){2,4,0,1},
3] 5] [6] |1
31 17 [2]
(©) { 2|, o], |1 }
1] [o] o]
2 1 1 0
4.2.2- LetA= |4 2 1 2|
6 3 2 3

(a) Find a linearly independent set con-
taining the largest possible number
of columns of A.

(b) Find how many linearly indepen-
dent sets can be constructed using
any number of column vectors of A.

4.2.3.- Show that any set containing the
zero vector must be linearly dependent.

4.2.4.- Given a vector space V, prove the
following: If the set
{v, w}CV
is linearly independent, then so is

{(v+w), (v—w)}.

4.2.5.- Determine whether the set

1 2 2 1 4 -1 2,2
{[2 1]’ {1 1}’ {—1 1}} cR
is linearly independent of dependent.
4.2.6.- Show that the following set in P is
linearly dependent,
{1, =z, 22, 1+x+ xz}.
4.2.7.- Determine whether S C P; is a lin-
early independent set, where

S:{1+x+m272x—3w2,2+x}.
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4.3. BASES AND DIMENSION

In this Section we introduce a notion that quantifies the size of a vector space. Before
doing that, however, we need to separate two main cases, the vector spaces we call finite
dimensional from those called infinite dimensional. In the first case, finite dimensional vector
spaces, we introduce the notion of a basis. This is a particular type of set in the vector
space that is small enough to be a linearly independent set and big enough to span the whole
vector space. A basis of a finite dimensional vector space is not unique. However, every
basis contains the same number of vectors. This number, called dimension, quantifies the
size of the finite dimensional vector space. In the second case above, infinite dimensional
vector spaces, we do not introduce here a concept of basis. More structure is needed in the
vector space to be able to determine whether or not an infinite sum of vectors converges.
We will not discuss these issues here.

4.3.1. Basis of a vector space. A particular type of finite sets in a vector space, small
enough to be linearly independent and big enough to span the whole vector space, is called
a basis of that vector space. Vector spaces having a finite set with these properties are
essentially small, and they are called finite dimensional. When there is no finite set that
spans the whole vector space, we call that space infinite dimensional. We now highlight
these ideas in a more precise way.

Definition 4.3.1. A finite set S C V is called a finite basis of a vector space V iff S is
linearly independent and Span(S) =V.

The existence of a finite basis is the property that defines the size of the vector space.

Definition 4.3.2. A vector space V is finite dimensional iff V has a finite basis or V is
one of the following two extreme cases: V =0 or V.= {0}. Otherwise, the vector space V
is called infinite dimensional.

In these notes we will often call a finite basis just simply as a basis, without remarking
that they contain a finite number of elements. We only study this type of basis, and we
do not introduce the concept of an infinite basis. Why don’t we define the notion of an
infinite basis, since we have already defined the notion of an infinite linearly independent
set? Because we do not have any way to define what is the span of an infinite set of vectors.
In a vector space, without any further structure, there is no way to know whether an infinite
sum converges or not. The notion of convergence needs further structure in a vector space,
for example it needs a notion of distance between vectors. So, only in certain vector spaces
with a notion of distance it is possible to introduce an infinite basis. We will discuss this
subject in a later Chapter.

ExaMpLE 4.3.1: We now present several examples.

(a) Let V = R?, then the set Sy = {el = B} o {ﬂ} is a basis of F2. Notice that
e; = l.;, that is, e; is the i-th column of the identity matrix ly. This basis Sy is called

the standard basis of R2.
(b) A vector space can have infinitely many bases. For example, a second basis for R? is

the set U = {ul = E} ,Ug = {_ﬂ } It is not difficult to verify that this set is a basis
of R?, since u is linearly independent, and Span(i/) = R2.
(¢) Let V =T", then the set S,, = {e1 =y, ,e, = Im} is a basis of R™, where |.; is the

i-th column of the identity matrix |,,. This set S, is called the standard basis of F™.
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(d) A basis for the vector space F>2 of all 2 x 2 matrices is the set Sz 2 given by

10 0 1 0 0 0 0
SQ,Z{EM[O O}ﬁEm{O O},Em[l 0}@2{0 J};

This set is linearly independent and Span(Sz2) = F*2, since any element A € F2:2 can
be decomposed as follows,

CAn Ap] o, 10 0 1 0 0 0 0
A_[Am AQJ_A“ [0 o]+A12 [0 0}*‘421 {1 0}+A22 [o 1]‘

(e) A basis for the vector space F"™" of all m x n matrices is the following:
Sm,n = {E117 E127 ) Emn,}s

where each m x n matrix E;; is a matrix with all coefficients zero except the coefficient
(4, 7) which is equal to one (see previous example). The set S, ,, is linearly independent,
and Span(S,, ) = F™", since

A=[A;] =) AyE;.

i=1 j=1
(f) Let V =P, the set of all polynomials with domain R and degree less or equal n. Any
element p € P, can be expressed as follows,

p(z) = ag + a1z 4 agz® + - + apa™,

that is equivalent to say that the set

S:{p():lapl:l'ypgixa..._/pn:wn}

satisfies P,, = Span(S). The set S is also linearly independent, since
gz)=co+az+er’+ - +er"=0 = c=-=c, =0

The proof of the latter statement is simple: Compute the n-th derivative of g above,
and obtain the equation n!¢, =0, so ¢, = 0. Add this information into the (n — 1)-th
derivative of q and we conclude that ¢,_; = 0. Continue in this way, and you will prove
that all the coefficient ¢’s vanish. Therefore, S is a basis of IP,,, ands it is also called the
standard basis of P,,.

<
1 0 1
EXAMPLE 4.3.2: Show that the set U = { 0],(1],] 0 } is a basis for R3.
1 1 !

SoLUTION: We must show that ¢ is a linearly independent set and Span(U/) = R3. Both
properties follow from the fact that matrix U below, whose columns are the elements in U,
is invertible,

1 0 1 11 —1 1
U=10 1 0 = U—I:5 0 2 0
1 1 -1 1 1 -1

Let us show that I/ is a basis of R3: Since matrix U is invertible, this implies that its
reduced echelon form Ey = I3, so its column vectors form a linearly independent set. The
existence of U™! implies that the system of equations Ux = y has a solution x = U~ !y for
every y € R3, that is, y € Col(U) = Span(i/) for all y € R3. This means that Span(i/) = R?.
Hence, the set U is a basis of R3. 4

The following definitions will be useful to establish important properties of a basis.
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Definition 4.3.3. Let V' be a vector space and S,, CV be a subset with n elements. The set
Sy, is a mazximal linearly independent set iff S, is linearly independent and every other
set Sy, with m > n elements is linearly dependent. The set S, is a minimal spanning set

iff Span(Sy,) =V and every other set Sy, with m < n elements satisfies Span(S,,) & V.

A maximal linearly independent set S is the biggest set in a vector space that is linearly
independent. A set cannot be linearly independent if it is too big, since the bigger the set
the more probable that one element in the set is a linear combination of the other elements
in the set. A minimal spanning set is the smallest set in a vector space that spans the whole
space. A spanning set, that is, a set whose span is the whole space, cannot be too small,
since the smaller the set the more probable that an element in the vector space is outside the
span of the set. The following result provides a useful characterization of a basis: A basis is
a set in the vector space that is both mazximal linearly independent and minimal spanning.
In this sense, a basis is a set with the right size, small enough to be linearly independent
and big enough to span the whole vector space.

Theorem 4.3.4. Let V' be a vector space. The following statements are equivalent:
(a) U is a basis of V;

(b) U is a minimal spanning set in V.

(¢) U is a mazimal linearly independent set in V;

1 0 1
ExAMPLE 4.3.3: We showed in Example above that the set U = { o, (1], 0 }
1 1 -1

is a basis for R3. Since this basis has three elements, Theorem E.3.4 says that any other
spanning set in R? cannot have less than three vectors, and any other linearly independent
set in R3 cannot have more that three vectors. For example, any subset of I containing two
elements cannot span R?; the linear combination of two vectors in & span a plane in R3.
Another example, any set of four vectors in R? must be linearly dependent. <

Proof of Theorem [4.3.4t We first show part (@)-(L).
(=) Assume that U is a basis of V. If the set U is not a minimal spanning set of V', that
means there exists U = {&1, e ,'zln_l} such that Span(U) = V. So, every vector in U can

be expressed as a linear combination of vectors in /. Hence, there exists a set of coefficients
Cjj; such that

n—1
u; = E Cij’zl,i, j=1,~-~,n.
i=1

The reason to order the coefficients C;; is this form is that they form a matrix C = [C}j]
which is (n — 1) x n. This matrix C defines a function C : R* — R"~1  and since rank(C) <
(n — 1) < n, this matrix satisfies that N(C) is nontrivial as a subset of R™. So there exists
a nonzero column vector in R™ with components z = [z;] € R, not all components zero,
such that z € N(C), that is,

> Ciyzi=0, i=1--,(n-1).
j=1

What we have found is that the linear combination

n n—1

n n—1 n
21U+t 2 Uy, = szuj = ZZJ(Z Cijt;) = Z(Zcijzj)ﬁi =0,
=1

Jj=1 i=1 =1 j=1
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with at least one of the coefficients z; non-zero. This means that the set U is not linearly
independent. But this contradicts that U is a basis. Therefore, the set U is a minimal
spanning set of V.

(<) Assume that U is a minimal spanning set of V. If I/ is not a basis, that means U is
not a linearly independent set. At least one element in &/ must be a linear combination of
the others. Let us arrange the order of the basis vectors such that the vector u,, is a linear
combination of the other vectors in 2. Then, the set U = {u, s un_l} must still span V,
that is Span(Z) = V. But this contradicts the assumption that ¢ is a minimal spanning set
of V.

We now show part (@)-(@).

(<) Assume that U is a maximal linearly independent set in V. If I/ is not a basis, that
means Span(U) G V, so there exists u, 1 € V such that u,1 ¢ Span(i). Hence, the set
U= {u7 e ,unH} is a linearly independent set. However, this contradicts the assumption
that U is a maximal linearly independent set. We conclude that i/ is a basis of V.

(=) Assume that U is a basis of V. If the set U is not a maximal linearly independent
set in V, then there exists a maximal linearly independent set U = {@y,--- , @}, with
k > n. By the argument given just above, U is a basis of V. By part @) the set U must
be a minimal spanning set of V. However, this is not true, since U is smaller and spans V.
Therefore, Y must be a maximal linearly independent set in V.

This establishes the Theorem. (]

4.3.2. Dimension of a vector space. The characterization of a basis given in Theo-
rem [£.3.4] above implies that the number of elements in a basis is always the same as in any
other basis.

Theorem 4.3.5. The number of elements in any basis of a finite dimensional vector space
is the same as in any other basis.

Proof of Theorem (.35t Let V, and V,, be two bases of a vector space V with n
and m elements, respectively. If m > n, the property that V,, is a minimal spanning set
implies that Span(V,) & Span(V,,) = V. The former inclusion contradicts that V), is a
basis. Therefore, n = m. (A similar proof can be constructed with the maximal linearly
independence property of a basis.) This establishes the Theorem. (]

The number of elements in a basis of a finite dimensional vector space is a characteristic
of the vector space, so we give that characteristic a name.

Definition 4.3.6. The dimension of a finite dimensional vector space V with a finite
basis, denoted as dim 'V, is the number of elements in any basis of V. The extreme cases of
V =0 and V = {0} are defined as zero dimensional.

From the definition above we see that dim{0} = 0 and dim () = 0.

ExamMPLE 4.3.4: We now present several examples.
(a) The set S, = {e1 =Ly, ,e, = |;n} is a basis for F*, so dimF" = n.
(b) A basis for the vector space F%? of all 2 x 2 matrices is the set S o is given by

1 0 0 1 0 0 0 0
52,2={E11=[0 0},E12={0 0}7E21=[1 0],E22={0 J},

so we conclude that dimF?? = 4.
(c¢) A basis for the vector space F"™™ of all m x n matrices is the following:

S = {E11,E12,- - ,Emn },
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where we recall that each m x n matrix E;; is a matrix with all coefficients zero except
the coefficient (¢, ) which is equal to one. Since the basis S, ,, contains mn elements,
we conclude that dim F™"™ = mmn.
(d) A basis for the vector space P, of all polynomial with degree less or equal n is the set
Sgiven by S={py =1, p, =, p, =a% -+, p, = 2" }. This set has n + 1 elements,
so dimP,, =n+ 1.
<

REMARK: Any subspace W C V of a vector space V is itself a vector space, so the definition
of basis also holds for W. Since W C V, we conclude that dim W < dim V.

ExAMPLE 4.3.5: Consider the case V = R3. It is simple to see in Fig. B7 that dimU = 1
and dimW = 2, where the subspaces U and W are spanned by one vector and by two
non-collinear vectors, respectively.

dm(u)=1  dim(W)=2

FIGURE 37. Sketch of two subspaces U and W, in the vector space R3, of
dimension one and two, respectively.

EXAMPLE 4.3.6: Find a basis for N(A) and R(A), where matrix A € R®* is given by

-2 4 -2 -4
A=|2 —6 -3 1]. (4.2)
-3 8 2 -3

SoLUTION: Since A € R3% then A : R* — R?  which implies that N(A) C R* while
R(A) C R3. A basis for N(A) is found as follows: Find all solution of Ax = 0 and express
these solutions as the span of a linearly independent set of vectors. We first find Ea,

.%‘1:—61‘3—5334,
-2 4 -2 —4 1 06 5 5
A=]2 -6 -3 1|01 3 3|=Ex = ry = —g s~ o,
-3 8 2 -3 00 0 0

x3, x4 free variables.

Therefore, every element in N(A) can be expressed as follows,

—6x3 — 5 6 -5 61 [-5
—3r3—Fa -3 -3 N(A) — S -3 |3

X = T3 S|t o] T (A) = pan({ il o })
4 0 1 0 1
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Since the vectors in the span above form a linearly independent set, we conclude that a
basis for N(A) is the set N given by

—6| [-5

_5| |=3

— 2 2
V=40 ||

0 1

We now find a basis for R(A). We know that R(A) = Col(A), that is, the span of the column
vectors of matrix A. We only need to find a linearly independent subset of column vectors
of A. This information is given in Ea, since the pivot columns in Ep indicate the columns in
A which form a linearly independent set. In our case, the pivot columns in Ea are the first
and second columns, so we conclude that a basis for R(A) is the set R given by

2] T 4
R:{ 21, |-6 }
3| | 8

<

4.3.3. Extension of a set to a basis. We know that a basis of a vector space is not unique,
and the following result says that actually any linearly independent set can be extended into
a basis of a vector space.

Theorem 4.3.7. If S, = {ul, e ,uk} is a linearly independent set in a vector spave V
with basis V = {vl7 e ,vn}, where k < n, then, there always exists a basis of V given by
an extension of the set Sy of the form S = {ul, Cee U, Uiy, »Uinfk}

The statement above says that a linearly independent set Sy can be extended into a basis
S of a a vector space V' simply incorporating appropriate vectors from any basis of V. If a
basis V of V' has n vectors, and the set Si has k < n vectors, then one can always select
n — k vectors from the basis V to enlarge the set Sy into a basis of V.
Proof of Theorem [4.3.7t Introduce the set Sk,

Sk+4+n = {ula"' y Uk, U1, - - 7vn}-

We know that Span(Ski,) = V since V C Ski,. We also know that Sy, is linearly de-
pendent, since the maximal linearly independent set contains n elements and Sk, contains
n+ k > n elements. The idea is to eliminate the v; such that Sy U {v;} is linearly depen-
dent. Since the maximal linearly independent set contains n elements and the Sy is linearly
independent, there are k elements in V that will be eliminated. The resulting set is S, which
is a basis of V' containing Sj. This establishes the Theorem. O

ExaMPLE 4.3.7: Given the 3 x 4 matrix A defined in Eq. (£2)) in Example above,
extend the basis of N(A) C R* into a basis of R*.

SOLUTION: We know from Example that a basis for the N(A) is the set A/ given by
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Following the idea in the proof of Theorem 3.7 we look for a linear independent set of
vectors among the columns of the matrix

—6 -5 1 .0 0 0

5 _ 3

-5 320100
- 2 2
M=11 0 001 0

0O 1 0001

That is, matrix M include the basis vectors of N(A) and the four vectors e; of the standard
basis of R*. It is important to place the basis vectors of N(A) in the first columns of M. In
this way, the Gauss method will select these first vectors as part of the linearly independent
set of vectors. Find now the reduced echelon form matrix Ep,

100 0 10
Ev — 01 00 01
0 01 06 5
00015 3

Therefore, the first four vectors in M are form a linearly independent set, so a basis of R*
that includes A is given by

<

4.3.4. The dimension of subspace addition. Recall that the sum and the intersection
of two subspaces is again a subspace in a given vector space. The following result relates
the dimension of a sum of subspaces with the dimension of the individual subspaces and the
dimension of their intersection.

Theorem 4.3.8. If Wi, Wy C V are subspaces of a vector space V', then holds
d1m(W1 + Wg) = dim W1 + dim WQ — dim(W1 N WQ)

Proof of Theorem [4.3.8 We find the dimension of W + W5 finding a basis of this sum.
The key idea is to start with a basis of W7 N Ws5. Let By = {zl, e ,zl} be a basis for
W1 N Ws. Enlarge that basis into basis B; for Wi and Bs for W5 as follows,

By = {zla"' y 2l Ly ,an}, By = {zla"' y 2 Yps o 7y7n}'

We use the notation | = dim(W; N Wa), | + n = dimW; and | + m = dim W5. We now
propose as basis for Wy + W5 the set

B:{zla"' y R, L1y T,y Yp,0 0 7y7n}'

By construction this set satisfies that Span(B) = Wi + Ws. We only need to show that B is
linearly independent. Assume that the set B is linearly dependent. This means that there
is non-zero constants a;, b; and ¢ solutions of the equation

n m l
Zaimi+2bjyj+z:ckzk =0. (4.3)
i=1 j=1 k=1
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This implies that the vector Z?zl a;x;, which by definition belongs to Wi, also belongs to

Wy, since
n m l
Zaimi = —(Z bjyj + ZCka) S Wg.
i=1 j=1 k=1

Therefore, Z?:l a;x; belongs to W1 N Wy, and so is a linear combination of the elements of
By, that is, there exists scalars di such that

n l
Z a;x; = Z drz.
i=1 i=1

Since Bj is a basis of Wy, this implies that all the coefficients a; and dj vanish. Introduce
this information into Eq. (£3) and we conclude that

m l
ijyj + chzk = 0.
j=1 k=1

Analogously, the set By is a basis, so all the coefficients b; and ¢ must vanish. This implies
that the set B is linearly independent, hence a basis of W7 4+ W5. Therefore, the dimension
of the sum is given by

dim(Wy +Wa)=n+m+k=(n+k)+ (m+k)—k=dimW; + dim W5 — dim(W; N W3).

This establishes the Theorem. O
The following corollary is immediate.

Corollary 4.3.9. If a vector space can be decomposed as V- =Wy & Wy, then

The proof is straightforward from Theorem E3.8] since the condition of subspaces direct
sum, Wi N W, = {0}, says that dim(W; N Ws) = 0.
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4.3.5. Exercises.

4.3.1.- Find a basis for each of the spaces
N(A), R(A), N(AT), R(AT), where

);

1 2 2 3
A= |2 4 1 3

36 1 4

4.3.2.- Find the dimension of the space

spanned by
1 1 2 1 3
{ 2 0 8 1 3 }
=1’ (0" |—4]|’ 1]’ |0
3 2 8 1 6

4.3.3.- Find the dimension of the following
spaces:

(a) The space P, of polynomials of de-
gree less or equal n.

(b) The space F™" of m X n matrices.

(c) The space of real symmetric n X n
matrices.

(d) The space of real skew-symmetric
n X n matrices.

4.3.4.- Find an example to show that the
following statement is false: Given a ba-
sis {v1,v2} of R?, then every subspace
W C R? has a basis containing at least
one of the basis vectors vi, va.

4.3.5.- Given the matrix A and vector v,

-8
1 2 2 0 5 1
A=|2 4 3 1 8|, v=| 3],
36 1 5 5 3

0

verify that v € N(A), and then find a
basis of N(A) containing v.

4.3.6.- Determine whether or not the set

2 1
B= { 30,1 }
2 -1
is a basis for the subspace
1 5 3

Span({ 20,181, |4 })C]R3.

3 7 1
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4.4. VECTOR COMPONENTS

4.4.1. Ordered bases. In the previous Section we introduced a finite basis in a vector
space. Although a vector space can have different bases, every basis has the same number
of elements, which provides a measure of the vector space size, called the dimension of the
vector space. In this Section we study another property of a basis. Every vector in a finite
dimensional vector space can be expressed in a unique way as a linear combination of the
basis vectors. This property can be clearly stated in an ordered basis, which is a basis with
the basis vectors given in a specific order.

Definition 4.4.1. An ordered basis of an n-dimensional vector space V is a sequence
(v1,- -+, v,) of vectors such that the set {vy, - ,v,} is a basis of V.

Recall that a sequence is an ordered set, that is, a set with elements given in a particular
order.

EXAMPLE 4.4.1: The following four ordered basis of R3 are all different,

1 0 0 0 1 0 0 0 1 0 0 1
(fo]-1x o), (L fof - {o)s ([tf-[o].]o]): ({o]-|1|-|o])-
0 0 1 0 0 1 0 1 0 1 0 0
1 0 0
however, they determine the same basis S3 :{ 0],(1],]0 } <
0 0 1

4.4.2. Vector components in a basis. The following result states that given a vector
space with an ordered basis, there exists a correspondence between vectors and certain
sequences of scalars.

Theorem 4.4.2. Let V be an n-dimensional vector space over the scalar field F with an

ordered basis (ul7 e ,un). Then, every vector v € V determines a unique scalars’ sequence
(vl, e ,Un) C IF such that

V= 01U+ U Uy, (4.4)
And every scalars’ sequence (v1,--- ,v,) C F determines a unique vector ve V by Eq. {{4).

Proof of Theorem Denote by U = (ul, e ,un) the ordered basis of V. Since U
is a basis, Span(U) = V and U is linearly independent. The first property implies that for
every v € V there exist scalars vy, - , v, such that v is a linear combination of the basis
vectors, that is,

V=v1U1 + -+ UpUp.
The second property of a basis implies that the linear combination above is unique. Indeed,
if there exists another linear combination

V=r1U + -+ VpUn,

then 0 = v— v = (v1 —v1)u; + -+ + (v, — Vp)u,. Since U is linearly independent, this
implies that each coefficient above vanishes, so v1 = vy, -+, Uy = Up.

The converse statement is simple to show, since the scalars are given in a specific order.
Every scalars’ sequence (v1, - - - ,v,) determines a unique linear combination with an ordered
basis (w1, -+, u,) given by vius + -+ - 4+ v, u,. This unique linear combination determines
a unique vector in the vector space. This establishes the Theorem. O

Theorem says that there exists a correspondence between vectors in a vector space
with an ordered basis and scalars’ sequences. This correspondence is called a coordinate
map and the scalars are called vector components in the basis. Here is a precise definition.
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Definition 4.4.3. Let V be an n-dimensional vector space over F with an ordered basis

U= (w1, - ,u,). The coordinate map is the function | |, : V — F™, with [v], = vy, and
U1
Vo = | - & V=U1UL T Uy Uy
Un
The scalars vi,- -+ ,v, are called the vector components of v in the ordered basis U.

Therefore, we use the notation [v], = v,, € F" for the components of a vector v € V in an
ordered basis U. We remark that the coordinate map is defined only after an ordered basis
is fixed in V. Different ordered bases on V determine different coordinate maps between
V and F”. When the situation under study involves only one ordered basis, we suppress
the basis subindex. The coordinate map will be denoted by [ ]| : V' — F™ and the vector
components by v = [v]. In the particular case that V' = F™ and the basis is the standard
basis S, then the coordinate map [ ] is the identity map, so v = [v]; = v. In this case we
follow the convention established in the first Chapters, that is, we denote vectors in F" by
v instead of v. When the situation under study involves more than one ordered basis we
keep the sub-indices in the coordinate map, like [ |, and in the vector components, like v,,,
to keep track of the basis attached to these expressions.

EXAMPLE 4.4.2: Let V be the set of points on the plane with a preferred origin. Let
S = (el7 62) be an ordered basis, pictured in Fig.

(a) Find the components vy = [v]s € R? of the vector v = e; + 3e; in the ordered basis S.
(b) Find the components v, = [v],, € R? of the same vector v given in part (@) but now in
the ordered basis U = (u; = e1 + ez, up = —e1 + €3).

SoLuTION: Part (@) is straightforward to compute, since the definition of component of a
vector says that the numbers multiplying the basis vectors in the equation v = e; + 3ey are
the components of the vector, that is,

1
v=e +3e & v,= {3}

Part (B)) is more involved. We are looking for numbers #; and @ such that

V=01U1 + VoUy <& V= |:21:| . (45)
2

From the definition of the basis &/ we know the components of the basis vectors in I/ in
terms of the standard basis, that is,

1
u = e + e & uls:|:1:|a

-1
U = —e; + e =4 uzsz[l].

In other words, we can write the ordered basis U as the column vectors of the matrix
Us = [Z/l]s = Hul]su [UQ]s} given by

Us = [U157U2s] = |} _11:| .

Expressing Eq. ([4.3) in the standard basis means

- - 1 |1 _ -1
e1+3e=v="01(e1 +e)+0(—€e+e) < =1 + Dy .
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The last equation on the right is a matrix equation for the unknowns v,, = [g } ,

LR e v

We find the solution using the Gauss method,

1 -1 1 Lo |2 _ 2 o b ow s
11 3 0 1 1 Vu =1 U=ty T U

A sketch of what has been computed is in Fig. In this Figure is clear that the vector
v is fixed, and we have only expressed this fixed vector in as a linear combination of two
different bases. It is clear in this Fig. [38] that one has to stretch the vector w; by two and
add the result to the vector us to obtain wv. <

F1GURE 38. The vector v = e; + 3es expressed in terms of the basis U =
{ur = e1 + €2, up = —e1 + €2} is given by v =2u; + u,.

ExAMPLE 4.4.3: Consider the vector space Py of all polynomials of degree less or equal two,
and let us consider the case of F = R. An ordered basis is S = (p, = 1, p; = z, p, = 2?).
The coordinate map is [ ]s : Py — R? defined as follows, [p]s = ps, where

a
ps = |b & px) =a+ bx + cx?.
(&

The column vector ps represents the components of the vector p in the ordered basis S. The
equation above defines a correspondence between every element in P, and every element in
R3. The coordinate map depend on the choice of the ordered basis. For example, choosing
the ordered basis S = (po =a2% p, =x, py = 1), the corresponding coordinate map is
[]5 : P — R? defined by [p] ., where

§=Ps
c

ps = |b & p(z) =a+bx+ ca’.
a
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The coordinate maps above generalize to the spaces P,, and R™*! for all n € N. Given
the ordered basis § = (po =1,p =z, ,p, = :r”), the corresponding coordinate map
[]s : P, — R"™! defined by [p]s = ps, where

Ps = | : & plr)=ag+--+ana”.

EXAMPLE 4.4.4: Consider V = Py with ordered basis S = (po =1,p =z, py,= x2).

(a) Find ry = [r]4, the components of r(x) = 3 + 2z + 422 in the ordered basis S.

(b) Find r, = [r],, the components of the same polynomial r given in part @) but now in
the ordered basis Q = (qo =1, qgg=14+z,¢=1 +x+x2,).

SOLUTION:
Part (@):This is straightforward to compute, since 7(z) = 3 + 2z + 422 implies that
3
m(z) =3po(z) +2pi(2) +4py(z) & ro= |2
4

Part ([): This is more involved, as in Example L2l We look for numbers 7, 7o, 73 such
that

r(x) =7Foqy(x) + 71 q1(z) + T2 ga(z) < rg= |T1]|. (4.6)

From the definition of the basis @ we know the components of the basis vectors in Q in
terms of the S basis, that is,

1
qo(z) = po(x) = dos = (O,

0

%
q,(z) = po(x) + py () o qis = (1)

:1:
q () = po(z) + py(2) + pa(z) < Qs = 1

Now we can write the ordered basis @ in terms of the column vectors of the matrix Q, =
[Q]S = [qos, d1s, qgs], as follows,

1 1 1
Qs= |0 1 1
0 0 1
Expressing Eq. ([4.0) in the standard basis means

3 1 1 1
=79 |0 +71 [1] +72 |1
0 0 1
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The last equation on the right is a matrix equation for the unknowns 7q, 71, and 79

1 1 1] [#o 3
01 1 | =2 & Qsrg =T,
0 0 1 |72 4
We find the solution using the Gauss method,
1 1 1 3 1 0 O 1
0 1 1 2l - |0 1 0 =21,
0 0 1 4 0 0 1 4
hence the solution is
1
rg = |—2 & r(z) = qy(z) —2q,(2) +4g,(2).
4

We can verify that this is the solution, since
r(z) = () — 2 q,(x) + 4 ()

=1-2(1+2)+4(1+z+2?)

=(1-2+4)+ (-2 +4)z + 42?

=3+ 2z + 42?

=3po(z) +2p () + 4py(2).

<

EXAMPLE 4.4.5: Given any ordered basis U = (ul, U, u;;) of a 3-dimensional vector space

V, find U, = [U]u C F33, that is, find u; = [;], for i = 1,2, 3, the components of the basis
vectors u; in its own basis U.

SOLUTION: The answer is simple: The definition of vector components in a basis says that

o8
U1:U1+O’UQ+OU3 <~ Ui,y = 0 =eq,
_O_
0]
Uy = 0wy + us + 0 ug = Ugy = | 1| = eq,
_O_
0]
uz3 = 0w + 0us + ug = us, = [0 =es.
_1_
In other words, using the coordinate map ¢, : V — F2, we can always write any basis U
as components in its own basis as follows, U, = [el, es, 63] = l3. This example says that
there is nothing special about the standard basis S = {e;, - ,e,} of F", where e; = I; is

the i-th column of the identity matrix l,,. Given any n-dimensional vector space V over F
with any ordered basis V, the components of the basis vectors expressed on its own basis is
always the standard basis of F™, that is, the result is always [V]U =ly. <
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4.4.3. Exercises.

4.4.1.- Let S = (61,62,63) be the standard
basis of R®. Find the components of the
vector v = e1 + es + 2e3 in the ordered
basis U

1 0 1
(Uls: 0 , U2 = 1 , Uzs =
1 1

—_
SN——

o

4.4.2.- Let S = (61,82,63) be the standard
basis of R3. Find the components of the

vector o
8
ve = |7
_4_
in the ordered basis U given by
1 (17 1
(uls: 1 , U2s = 2 ,Uzs = 2 )
1 12 ] 3

4.4.3.- Consider the vector space V = P2
with the ordered basis S given by

S = (pozl,p1 =, p2:x2).

(a) Find the components of the poly-
nomial () = 2 + 3z — 22 in the
ordered basis S.

(b) Find the components of the same
polynomial r given in part (@) but
now in the ordered basis Q given by

(p=1,q¢=1-12,¢=ax+2%).

4.4.4.- Let S be the standard ordered basis
of R%2, that is,

S = (E11, E12, E21, E22) C R*?,
with

1 0 0 1
en=lo o En=|o o

0 0 0 0
E21—|:1 0}, Ezz—{o 1}-

(a) Show that the ordered set M below
is a basis of R*?, where

M = (M1, Mz, M3, My) C R*?,
with

0 1 0 -1
wi=[} o we=[0 )
10 1 0
=y 9 m=lg )

where the matrices above are writ-
ten in the standard basis.

(b) Consider the matrix A written in
the standard basis S,

1 2
A7&4]
Find the components of the matrix
A in the ordered basis M.
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CHAPTER 5. LINEAR TRANSFORMATIONS

5.1. LINEAR TRANSFORMATIONS

We now introduce the notion of a linear transformation between vector spaces. Vector
spaces are defined not by the elements they are made of but by the relation among these
elements. They are defined by the properties of the operation we called linear combinations
of the vector space elements. Linear transformations are a very special type of functions
that preserve the linear combinations on both vector spaces where they are defined. Linear
transformations generalize the definition of a linear function introduced in Sect. 2Tl between
the spaces F" and F™ to any two vector spaces. Linear transformations are also called in
the literature as linear maps or linear mappings.

Definition 5.1.1. Given the vector spaces V. and W over F, the function T :V — W is
called a linear transformation iff for all u, ve V and all scalars a, b € F holds

T(au+ bv) = a T(w) + b T(v).
In the case that V. =W a linear transformation T :V — V is called a linear operator.

Taking a = b = 0 in the definition above we see that every linear transformation satisfies
that T(0) = 0. As we said in Sect. 2] if a function does not satisfy this condition,
then it cannot be a linear transformation. We now consider several examples of linear
transformations. We do not prove that these examples are indeed linear transformations;
the proofs are left to the reader.

ExXAMPLE 5.1.1: We give several examples of linear transformations.

(a) The transformation Iy, : V' — V defined by Iy, (v) = v for all v € V is called the identity
transformation. The transformation 0 : V' — W defined by 0(v) = 0 for all v € V is
called the zero transformation.

(b) Every example of a matrix as a linear function given in Sect. [Z1]is a linear transfor-
mation. More precisely, if V = F"® and W = F™, then any m x n matrix A defines a
linear transformation A : F* — F™ by A(x) = Ax. Therefore, rotations, reflections,
projections, dilations are linear transformations in the sense given in Def. (.1.] above.
In particular, square matrices are now called linear operators.

(¢) The vector spaces V and W are part of the definition of the linear transformation. For
example, a matrix A alone does not determine a linear transformation, since the vector
spaces must also be specified. For example, and m X n matrix A defines two different
linear transformations, the first one A4 : R” — R", and the second one A : C" — C™.
Although the action of these transformations is the same, the matrix-vector product
A(z) = Ax, the linear transformations are different. We will see in Chapter [ that in
the case m = n these transformations may have different eigenvalues and eigenvectors.

(d) Let V =P3, W =Ps and let D : P; — P, be the differentiation transformation

_dp
dx

That is, given a polynomial p € P3, the transformation D acting on p is a polynomial
one degree less than p given by the derivative of p. For example,

pl)=2+3z+2>—2°€P; = D(p)(z)=3+2zx— 32" €P.

D(p)

The transformation D is linear, since for all polynomials p, ¢ € P3 and scalars a, b € F
holds

Dlap+ba)(x) = - [ap(e) + ba(w)] =

dp(z)  , da(a)

dx dz = a D(p)(x) + b D(q)(x).
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(e) Notice that the differentiation transformation introduced above can also be defined as
a linear operator: Let V = W = P, and introduce D : P; — P53 with the same action

dp
) ==

as above, that is, D(p . The vector spaces used to define the transformation are

important. The transformation defined in this example D : P3 — Pj is different for the
one defined above D : P3 — Ps. Although the action is the same, since the action of
both transformations is to take the derivative of their arguments, the transformations
are different. We comment on these issues later on.

(f) Let V.=Py, W =P;3 and let S: Po — P35 be the integral transformation

For example,
2 3 2,1 3
p(x)=2+3r+z° P, = S(p)(x):2x+§:c +§x € Ps.

The transformation S is linear, since for all polynomials p, g € Py and scalars a, b € F
holds

S(ap+ ba)(z) :/Oz[ap(t)+bq(t)] dt:a/oxp(t)dt—i-b/oz g(t) dt = a S(p)(x) +b S(q)(x).

(g) Let V =C1 (R,R), the space of all functions f : R — R having one continuous deriva-
tive,that is f’ is continuous. Let W = C° (R,R), the space of all continuous functions
f :R — R. Notice that V' & W, since f(x) = |z|, the absolute value function, belongs
to W but it does not belong to V. The differentiation transformation D : V — W,

p(f)w) = L),

is a linear transformation. The integral transformation S: W — V,

S @) = [ i,

Jo
is also a linear transformation.
<

5.1.1. The null and range spaces. The range and null spaces of an m x n matrix intro-
duced in Sect. can be also be defined for linear transformations between arbitrary vector
spaces.

Definition 5.1.2. Let V, W be vector spaces and T :V — W be a linear transformation.
The null space of the transformation T is the set N(T) C V given by

N(T)={zeV : T(z)=0}
The range space of the transformation T is the set R(T) C W given by
R(T)={yeW : y=T(x) forallzc V}.
The null space of a linear transformation is also called the kernel of the transformation

and denoted as ker(T). The range space of a linear transformation is also called the image
of the transformation.

EXAMPLE 5.1.2: In the case of V = R™ W = R"™ and A = A an m X n matrix, we have
seen many examples of the sets N(A) and R(A) in Sect. Additional examples in the
case of more general linear transformations are the following:
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(a) Let V =P35, W =Py, and let D : P3 — Py be the differentiation transformation
_dp
=
Recalling that D(p) = 0 iff p(x) = ¢, with ¢ constant, we conclude that N (D) is the set
of constant polynomials, that is
N(D) = Span({p, = 1}) C Ps.

Let us now find the set R(D). Notice that the derivative of a degree three polynomial
is a degree two polynomial, never a degree three. We conclude that R(D) = IPs.
(b) Let V =Py, W = P3, and let S: Py — P3 be the integration transformation

Sp)(e) = [ ple)dr.
0
Recalling that S(p) = 0 iff p(x) = 0, we conclude that
N(8) = {p(z) =0} C P.

Let us now find the set R(S). Notice that the integral of a nonzero constant polynomial
is a polynomial of degree one. We conclude that

R(S) = {p(r) ePs : p(z) =ayx + ax® + (135173}~

D(p)

Therefore, non-zero constant polynomials do not belong to R(S), so R(S) & Ps.
<

Given a linear transformation T : V — W between vector spaces V and W, it is not

difficult to show that the sets N(T) C V and R(T) C W are also subspaces of their
respective vector spaces.

Theorem 5.1.3. Let V and W be vector spaces and T :'V — W be a linear transformation.
Then, the sets N(T) CV and R(T) C W are subspaces of V. and W, respectively.

The proof is formally the same as the proof of Theorem in Sect.
Proof of Theorem B.1.3t The sets N(T') and R(T) are subspaces because the transfor-
mation T is linear. Consider two arbitrary elements @, @z € N(T), that is, T(xz;) = 0 and
T(x3) = 0. Then, for any a, b € F holds

T(axy +bx2) =aT(x) +bT(x2) =0 = (ax; +bxe) € N(T).

Therefore, N(T') C V is a subspace. Analogously, consider two arbitrary elements y;,
Yy € R(T), that is, there exist @1, @2 € V such that y; = T(x;) and y, = T(x2). Then, for
any a, b € F holds

(ay1 +byy) = a T(m1) + b T(xz) = T(am +bxz) = (ay, +bys) € R(T).
Therefore, R(T) C W is a subspace. This establishes the Theorem. O

5.1.2. Injections, surjections and bijections. We now specify useful properties a linear
transformation might have.

Definition 5.1.4. Let V and W be vector spaces and T : V. — W be a linear transformation.
(a) T is injective (or one-to-one) iff for all vectors vy, vo € V holds
V1 75 () = T(’Ul) 7& T(’UQ).

(b) T is surjective (or onto) iff R(T) =W.
(c) T is bijective (or an isomorphism) iff T is both injective and surjective.



140 G. NAGY - LINEAR ALGEBRA JjuLy 15, 2012

w \Y R(T)=wW

T is injective

T is surjective

R(T)CwW

T is not injective T is not surjective
FIGURE 39. Sketch representing an injective and a non-injective function,
as well as a surjective and a non-surjective function.

In Fig. we sketch the meaning of these definitions using standard pictures from set
theory. Notice that a given transformation can be only injective, or it can be only surjective,
or it can be both injective and surjective (bijective), or it can be neither. That a transfor-
mation is injective does not imply anything about whether it is surjective or not. That a
transformation is surjective does not imply anything about whether it is injective or not.
Before we present examples of injective and/or surjective linear transformations it is useful
to introduce a result to characterize those transformations that are injective. This can be
done in terms of the null space of the transformation.

Theorem 5.1.5. The linear transformation T :V — W is injective iff N(T) = {0}.

Proof of Theorem

(=) Since the transformation T is injective, given two elements v # 0, we know that
T(v) # T(0) = 0, where the last equality comes from the fact that T is linear. We conclude
that the null space of T contains only the zero vector.

(<) Since N(T) = {0}, given any two different elements vy, vo € V, that is, v; — vy # 0,
we know that T(v; — v2) # 0, because the only element in N(T) is the zero vector. Since
T(vy —ve) = T(v1)— T(v2), we obtain that T(vy) # T(v2). We conclude that T is injective.
This establishes the Theorem. ]

EXAMPLE 5.1.3: Let V = R?, W = R?, and consider the linear transformation A defined

by the 2 x 3 matrix A = {1 23

A et o T A i o
9 4 1}. Is A injective? Is A surjective?

SOLUTION: A simple way to answer these questions is to find bases for the N(A) and R(A)
spaces. Both bases can be obtained from the information given in Ea, the reduced echelon
form of A. A simple calculation shows

123 [t 20
A_[z 4 1]_’{0 0 1}_EA'

This information gives a basis for N(A), since all solutions Ax = 0 are given by

T = —2x, ) )
xo free variable, = x=|1|22 = N(A= Span({ 1 })
T3 = 0, 0 0
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Since N(A) # {0}, the transformation associated with A is not injective. The reduced
echelon form above also says that the first and third column vectors in A form a linearly

independent set. Therefore, the set
1 |3
m={B]- L]y

is a basis for R(A), so dim R(A) = 2, and then R(A) = R2. Therefore, the transformation
associated with A is surjective. <

ExampLE 5.1.4: Consider the differentiation and integration transformations
d xr
DiPy~Py Dp)o)= L) SiPaPy Sp)a)= [ plt)dr
0
Show that D above is surjective but not injective, and S above is injective but not surjective.

SOLUTION: Let us start with the differentiation transformation. In Example we found
that N(D) # {0} and R(D) = P,. Therefore, D above is not injective but it is surjective.
Regarding the integration transformation, we have seen in the same Example that
N(S) = {0} and R(S) & P3. Therefore, S above is injective but it is not surjective. <

5.1.3. Nullity-Rank Theorem. The following result relates the dimensions of the null
and range spaces of a linear transformation on finite dimensional vector spaces. This result
is usually called Nullity-Rank Theorem, where the nullity of a linear transformation is the
dimension of its null space, and the rank is the dimension of its range space. This result is
also called the Dimension Theorem.

Theorem 5.1.6. Fvery linear transformation T : V — W between finite dimensional vector
spaces V' and W satisfies that

dim N(T) + dim R(T) = dim V. (5.1)
Proof of Theorem Let us denote by n = dimV and by N = {uy, -, u} a
basis for N(T), where 0 < k < n, with k& = 0 representing the case N(T) = {0}. By

Theorem [A3.7] we know we can increase the set N into a basis of V, so let us denote this
basis as

V:{u1,"‘,Uk7'Ul,"','Ul}, k+1=n.
In order to prove Eq. (B.]) we now show that the set
R = {T(vl)v ) T(’l)l)}

is a basis of R(T). We first show that Span(R) = R(T): Given any vector v € V, we can
express it in the basis V as follows,

V=2T1U F o+ TpUg Y10+ Y
Since R(T) is the set of vectors of the form T(v) for all v € V, therefore T(v) € R(T) iff
T(v) =y T(v1) +---+y T(v) € Span(R).

But this just says that R(T) = Span(R). Now we show that R is linearly independent:
Given any linear combination of the form

O=c1 T(v1))+ - +¢ T(v) = T(civ1 + - + qup),
we conclude that ¢ivy + -+ + ¢qvp € N(T'), so there exist dy, - - ,dy such that

v+ -+ v =diug + -+ diuy,
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which is equivalent to
diuy + -+ dgugp — v — - — g = 0.

Since V is a basis we conclude that all coefficients ¢; and d; must vanish, for i = 1,--- 1
and ji,--- ,k. This shows that R is a linearly independent set. Then R is a basis of R(T)
and so,
dim N(T) =k, dmR(T)=1l=n—k.
This establishes the Theorem. O
One simple consequence of the Dimension Theorem is that an injective linear operator is
also surjective, and vice versa.

Corollary 5.1.7. A linear operator on a finite dimensional vector space is injective iff it
18 surjective.

The proof is left as an exercise, Exercise 5.1[7] In the case that the linear transformation
is given by an m x n matrix, Theorem [G.1.6] establishes a relation between the the nullity
and the rank of the matrix.

Corollary 5.1.8. Fvery m x n matriz A satisfies that dim N(A) + rank(A) = n.

Proof of Corollary 5.1.8 This Corollary is just a particular case of Theorem
Indeed, an m x n matrix A defines a linear transformation given by A : F" — F™ by
A(z) = Ax. Since rank(A) = dim R(A) and dimF" = n, Eq. (5] implies that dim N(A) +
rank(A) = n. This establishes the Corollary.

An alternative wording of this result uses Ep, the reduced echelon form of A. Since
N(A) = N(Ea), the dim N(A) is the number of non-pivot columns in Ex. We also know
that rank(A) is the number of pivot columns in Ex. Therefore dim N(A) + rank(A) is the
total number of columns in A, which is n. O
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5.1.4. Exercises.

5.1.1.- Consider the operator A : R? — R?

. . 11 1
given by the matrix A = 3 L J,

which projects a vector Bl} onto the
2

line ;1 = x5 on R?. Is A injective? Is
A surjective?

5.1.2.- Fix any real number 6 € [0, 27), and
define the operator R(0) : R? — R? by
. cos(d) —sin(0
the matrix R(f) = |:sin((0)) COS((Q)):l’
which is a rotation by an angle 6 coun-
terclockwise. Is R(0) injective? Is R(0)
surjective?

5.1.3.- Let F™™ be the vector space of all
n X n matrices, and fix A € F™". De-
termine which of the following transfor-
mations T: F™"™ — F™" is linear.

(a) T(X) = AX — XA;

(

b) T(X) = X7T;

(c) T(X)=XT +A;
(d) T(X) = Atr(X)
(e) T(X) =X+ XT

5.1.4.- Fix a vector v € F" and then define
the function T: F* — F by T(x) = v'x.
Show that Tis a linear transformation.
Is T a linear operator? Is T a linear
functional?

5.1.5.- Show that the mapping A : P3 — Py
is a linear transformation, where
2

Ap)() = TP ()

Is A injective? Is A surjective?

5.1.6.- If the following statement is true,
give a proof; if it is false, show it with an
example. If a linear transformation on
vector spaces T : V — W is injective,
then the image of a linearly independent
set in V' is a linearly independent set in
w.

5.1.7.- Prove the following statement: A
linear operator T : V' — V on a finite
dimensional vector space V is injective
iff T is surjective.

5.1.8.- Prove the following statement: If
V and W are finite dimensional vector
spaces with dim V' > dim W, then every
linear transformation T': V — W is not
injective.
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5.2. PROPERTIES OF LINEAR TRANSFORMATIONS

5.2.1. The inverse transformation. Bijective transformations are invertible. We now
introduce the inverse of a bijective transformation and we then show that if the invertible
transformation is linear, then the inverse is again a linear transformation.

Definition 5.2.1. The inverse of a bijective transformation T : V — W is the transfor-
mation T~ : W — V defined for all we W and v eV as follows,

T ' (w)=v < T(v)=w. (5.2)

The inverse transformation defined above makes sense only in the case that the original
transformation is bijective, hence bijective transformations are called invertible.

EXAMPLE 5.2.1: Given a real number 6 € (0, ), define the transformation T': R? — R?

cos(8) — sin(@)]

T(x) = Ry x, Ro = Lin(e) cos(6)

Find the inverse transformation.

SOLUTION: Since the transformation above is a rotation counterclockwise by an angle 6,
the inverse transformation is a rotation clockwise by the same angle 6. In other words,
(Rg)~! = R_p. Therefore, we conclude that,

T'=Ry) '=Ry = (Ry) = {(2;(1?2) Z:)Ii((g))] '

where we have used the relations cos(—6) = cos(f) and sin(—6) = —sin(0). <

It is common in the literature to define the inverse matrix in an equivalent way, which
we state here as a Theorem.

Theorem 5.2.2. The transformation T~ : W — V is the inverse of a bijective transfor-
mation T € L(V') iff holds

TIOT: IV7 To TlZIW

Proof of Theorem

(=) Replace w = T(v) into the expression of T !, that is, T~ *(T(v)) = v, forall v € V.
This says that T~ ' o T is the identity operator in V. In a similar way, replace v = Tl(w)
into the expression of T, that is, T(T *(w)) = w, for all w € W. This says that T"'o T
is the identity in W.

(<) If w= T(v), then T *(w) = T *(T(v)) = v. Conversely, if v = T *(w), then
T(v) = T(T '(w)) = w. We conclude that

T ' w=v & T(v)=w

This establishes the Theorem. O
Using this theorem is simple to prove that the result in the previous example can be
generalized to any linear transformation defined by an invertible matrix.

EXAMPLE 5.2.2: Prove the following statement: If T': F" — F™ is given by T(x) = Ax with
A invertible, then T is invertible and T *(y) = A~ ly.

SoLuTiON: Denote S(y) = A~ly. Then S(T(x)) = A~1Ax = x for all x € F*. This shows
that So T = I,,. The transformation S also satisfies T(S(y)) = AA~ly =y for all y € F".
This shows that To § = I,,. Therefore, T~ = S, that is, T~ '(y) = A~ ly. <
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ExamMpLE 5.2.3: Let V =P3, W =P5 and let D : V — W be the differentiation transfor-
mation J
4
D(p) = —.
()=

Is this transformation invertible?

SoLUTION: For every constant polynomial p(z) = ¢ € P3, with ¢ € F, holds D(c¢) = 0. So
the null space of the differentiation transformation is non-trivial, that is, N(D) # {0}. Since
the transformation is not injective, it is not bijective. We conclude that the differentiation
transformation above is not invertible. <

EXAMPLE 5.24: Let V. ={p e P; : p0) =0}, W =Py and let D : V — W be the
differentiation transformation p

P
D(p) = 2.
(p) = -

Is this transformation invertible?

SOLUTION: First, notice that V is a vector space, since given any two elements p, g € V, the
linear combination satisfies (ap+bq)(0) = ap(0)+bq(0) = 0 for all a, b € F, so (ap+bq) € V.
Also notice that the only constant polynomial p(x) = ¢ belonging to V is the trivial one
¢ = 0. So, the N(D) = {0} and the differentiation operator is injective. It is simple to see
that this operator is also surjective, since every element in W also belongs to R(D). Indeed,
for every constants ag, a1, ag € F the arbitrary polynomial r(x) = asx®+aiz+ag € W is the
image under D of the polynomial p(z) = asx®/3+ a12%/2+ apz € V, that is, D(p) = r. So,
W = R(D), the differentiation transformation is surjective, so it is bijective. We conclude
that D:V — W is invertible. <

We now show a couple of properties of the inverse transformation. We start showing that
the inverse of a bijective linear transformation is also linear.

Theorem 5.2.3. If the bijective transformation T :' V. — W is linear, then the inverse
transformation T~' : W — V is also a linear transformation.

Proof of Theorem [5.2.3k Since the linear transformation T is bijective, hence invertible,
we now that for every pair of vectors vy, vo € V there exist vectors wy, ws € W such that

T(v)=w <& Tl(wl) = vy,

T(vo) =wy < T '(wn) = v
Since T : V' — W is linear, for all aq, as € F holds

T(a1v1 + asve) = a1 T(v1) + as T(vs),
= a1 wy + asws.
By definition of the inverse transformation, the last equation above is equivalent to
T_l(al'wl + asws) = a1v1 + agve,
=a Tl(wl) + aq Tl(wg).

The last equation above says that T~' : W — V is a linear transformation. This establishes
the Theorem. ]

We now show that the inverse of a linear transformation is not only a linear transformation
but it is also a bijection.

Theorem 5.2.4. If the linear transformation T : V. — W is a bijection, then the inverse
linear transformation T~' : W — V also is a bijection.
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Proof of Theorem [5.2.4k Since T is a bijection, it is invertible so, for every wy, wy € W
there exist vy, vo € V such that

Tl(wl) =M = T('l)l) = w,

Tl(WQ) = V2 =4 T(’UQ) = Wsy.

In order to show that T ! is injective pick up w; and wy with w; # we and show that this
implies v; # 9. This is indeed the case, since subtracting the first line from the second
line above we get 0 # wy — wy = T(ve — v1). Since T is injective, its null space is trivial,
so vs — v, # 0. We then conclude that T~ is injective. This inverse transformation is
also surjective, which is simple to see from the definition of inverse transformation: For all
v € V there exists w € W such that

Tv)=w < T Y(w)=nw

We conclude that R(T ') =V, so T~ ' is surjective. This establishes the Theorem. ]

A simple corollary of Theorem [5.2.4] is that T~ is invertible. It is not difficult to show
that (T~ 1)_1 = T. We have mentioned in Sect. [5.1] that a bijective linear transformation
is also called and isomorphism. This is the reason for the following definition.

Definition 5.2.5. The vector spaces V' and W are called isomorphic iff there exist an
isomorphism T : V — W.

Different vector spaces which are isomorphic are the same space from the point of view
of linear algebra. This means that any linear combination performed in one of the spaces
can be translated to the other space through the isomorphism, and any linear operator
defined on one of these vector spaces can be translated into a unique linear operator on the
other space. This translation is not unique, since there exist infinitely many isomorphisms
between isomorphic vector spaces.

EXAMPLE 5.2.5: Show that the vector space V = {p € P35 : p(0) = 0} is isomorphic to Ps.

SOLUTION: We have seen in Example [5.2.4l that the differentiation D : V' — P is a bijection,
that is, an isomorphism. Therefore, the spaces V' and Py are isomorphic. We mention that
this isomorphism relates the polynomials in V' and Py as follows

d
V 3 p(z) = azz® + axx® + ayx — ch = 3a3z? + 2asx + a; € Ps.
x

EXAMPLE 5.2.6: Show whether the vector spaces F22 and F* are isomorphic or not.

SOLUTION: In order to see if these vector spaces are isomorphic, we need to find a bijective
transformation between the spaces. We propose the following transformation: T : F?:2 — F*
given by

r11 T12 Z12
T( -
T21  T22 T21

It is simple to see that T is a bijection, so we conclude that F%? is isomorphic to F?.
We mention that this is not the only isomorphism between these vector spaces. Another
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isomorphism is the following:

S( T11 T12 ) _|T21
€r21 T22 Z12
<

EXAMPLE 5.2.7: Show whether the vector spaces Py(FF,F) and F? are isomorphic or not.

SOLUTION: In order to see if these vector spaces are isomorphic, we need to find a bijective
transformation between the spaces. We propose the following transformation: T : Py — 3
given by

a2

T(a2x2 +a1xr+ ao) = |a

ag
It is simple to see that T is a bijection, so we conclude that P, is isomorphic to F2. We
mention that this is not the only isomorphism between these vector spaces. Another iso-
morphism is the following:

ag
S(a2$2 + a1z + ao) = |a9
ay

<

Theorem 5.2.6. Fvery n-dimensional vector space over the field F is isomorphic to F™.

The proof is left as Exercise 5.2J/5l This result says that nothing essentially different
from F™ should be expected from any finite dimensional vector space. On the other hand,
infinite dimensional vector spaces are essentially different from F”. Several results that hold
for finite dimensional vector spaces do not hold for infinite dimensional ones. An example
is the Nullity-Rank Theorem stated in Section Bl One could say that finite dimensional
vector spaces are all alike; every infinite dimensional vector space is special in its own way.

5.2.2. The vector space of linear transformations. Linear transformations from V to
W can be combined in different ways to obtain new linear transformations. Two linear
transformations can be added together and a linear transformation can be multiplied by a
scalar. The space of all linear transformations with these operations is a vector space. This
is why a linear transformation can be seen either as a function between vector spaces or as
a vector in the space of all linear transformations. As an example of these ideas recall the
set of all m X n matrices, denoted as F""™. This set is a vector space, since two matrices
can be added together and a matrix can be multiplied by a scalar. Since any element in this
set, an m X n matrix A, is also a linear transformation A : F" — F™, the set of all linear
transformations from F" to F™ is a vector space. This is why an m X n matrix A can be
interpreted either as a linear transformation between vector spaces A : F* — F™ or as a
vector in the space of matrices, A € F™"™,

Definition 5.2.7. Given the vector spaces V. and W over F, we denote by L(V,W) the
set of all linear transformations from V to W. The set L(V,V) containing all linear
operators from V to V is denoted as L(V'). Furthermore, given T, S € L(V,W) and scalars
a, b € F, introduce the linear combination of linear transformations as follows

(aT+bS)(v) =a T(v) + b S(v) forallveV.
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Notice that the zero transformation 0: V — W, given by 0(v) = 0 for all v € V| be-
longs to L(V, W). Moreover, the space L(V, W) with the addition and scalar multiplication
operations above is indeed a vector space.

Theorem 5.2.8. The set L(V, W) of linear transformations from V to W together with the
addition and scalar multiplication operations in Definition[5.2.7 is a vector space.

The proof is to verify all properties in the Definition ETI]l and we left it to the reader.
We conclude that a linear transformations can be interpreted either as linear maps between
vector spaces or as vectors in the space L(V, W). Furthermore, for finite dimensional vector
spaces we have the following result.

Theorem 5.2.9. If V and W are finite dimensional vector spaces, then L(V,W) is also
finite dimensional and dim L(V, W) = (dim V')(dim W).

Proof of Theorem [5.2.9t We introduce a set of linear transformations and we show that
this set is indeed a basis for L(V,W). Before that let us denote n = dimV, m = dim W,
and let us introduce both a basis V = {v;} of V and a basis W = {w;} of W, where the
indices take values i = 1,--- ;n and j = 1,--- ,m. The proposal for a basis of L(V,W) is
the set S = {S,;}, with elements defined as follows,

w; fori=k,
Sij(vk):{Oj for i # k where i =1,---,nand j=1,---,m.

So, the map S;; transforms the basis vector v; into the basis vector w; and the rest of the
basis vectors in V into the zero vector in W. We now show that S is a basis for L(V, W). Let
us first prove that S spans L(V,W). Indeed, for every linear transformation T € L(V, W)
and every vector v € V holds,

T(v) = Z v; T(v;),

where we used the decomposition v =" | v;v; of vector v in the basis V. Since T(v;) € W,
it can be decomposed in the W basis as follows,

m
T(’Ul) = ZTZJ wj.
j=1
Replacing the last equation on the previous one we get,

T(v) = z":(i v; T35 wj>,

i=1 j=1

The basis vector w; can be written in terms of the maps S;; as w; = Sg;(vg). Choosing
index k to be the value of index 7 in the sums above we get,

n m

T(v) = Z( v 135 Sij('lh’)) = i(i Ti; Sij (Uz’Uz))
1 1 j=1

i=1 j= i=
Here is the critical step: Since S;;j(vx) = 0 for k # i, the following equation holds,
S;j(viv;) = S;j(v). Introducing this property in the equation above we get

n m

T(v) = Z(Z Tij Sij('u)) forall veV,

i=1 j=1



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 149

that is,
n

T= Z ZTij Sij = Te Span(S) C L(Vv, W)

i=1 j=1

Since the map T is an arbitrary element in L(V, W), we conclude that L(V, W) C Span (S),
hence Span(S) = L(V,W). We now show that S is a linearly independent set. Indeed,
suppose there exist scalars c;; satisfying

ZZ Cij Si]‘ =0.

i=1 j=1

Interchange the sums and evaluate this expression at the basis vector vy, we obtain,

0= Z(Z Cij Sij(’l)k)) = Z Ckj Wj.
j i=1 j=1

Jj=1 i=
Since the set W is a basis of W, this implies that the coefficients c¢;; =0 for j =1,--- ,m.
The same argument holds for every k = 1,--- ,n, so we conclude that every coeflicient c¢;;

vanishes. The set S is linearly independent, and so, it is a basis for L(V, W). Since the set
contains nm elements, we conclude that dim L(V, W) = (dim V) (dim W) This establishes
the Theorem. O

5.2.3. Linear functionals and the dual space. An important example of linear trans-
formations is the case where the target vector space W is the set of scalars F, the latter,
let us recall, is always a vector space. We often use boldface Greek letters to denote linear
functionals.

Definition 5.2.10. Given the vector space V over F, the linear transformation ¢ : V — F
is called a linear functional. The vector space of linear functionals L(V,F) is denoted as
V* and called the dual space of V.

EXAMPLE 5.2.8: Show that the projection onto the first component 71 : F? — F is a linear
functional, where

T

71'1( T2 ):l‘l.

zs3

SOLUTION: We only need to show that 71 is a linear transformation. This is indeed the
case, since for all x, y € F and all a, b € F holds

m(ax +by) = ax; +byy = ami1(x) + bwi(y).
Since the map is defined from F2 into IF, we conclude that 7r; is a linear functional. <

EXAMPLE 5.2.9: Consider the vector space V = C/([a,b], R) of continuous real-valued func-
tions with domain in the interval [a, ] C R. Show that the function ¢ : V' — R given below
is a linear functional, where

b
&(f) = / f(z) dx.
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SOLUTION: We only need to show that the function ¢ : V' — R is a linear transformations.
This is the case, since for all f, g € V and all scalars ¢, d € R holds,

b
Blcf +dg) = [ (cf(a) +dgla)) do

:c/abf(x)dx—i—d/abg(w)dx

=co(f) +do(g).
We conclude that ¢ € V™. <

ExaMpLE 5.2.10: Show that the trace map tr : F™™ — F is a linear functional.

SOLUTION: We have already seen that the trace map is a linear map. Since the trace of a
matrix is a scalar, we conclude that the trace map is a linear functional, so tr € (F"""’)*. <

The following result says that the dual space of a finite dimensional vector space is
isomorphic to the original vector space. This means that the vector space and its dual are the
same from the point of view of linear algebra. This result is not true for infinite dimensional
vector spaces. This is one reason why infinite dimensional vector spaces, like function
spaces, have more structure and are more complicated to study than finite dimensional
vector spaces.

Theorem 5.2.11. FEwvery finite dimensional vector space is isomorphic to its dual space.

We give two proofs of the same result. In the first proof, we show that an n-dimensional
vector space V' is isomorphic to F", and that V* is isomorphic to F". We conclude that V'
is isomorphic to V*. The second proof is more abstract, and makes use of what is called a
dual basis of V*.

Proof of Theorem [5.2.TTk (First proof.) We already know that the ordered basis V =
(v1,-- -, v,) of an n-dimensional vector space V' determines the isomorphism [ ], : V — F™,
called the coordinate map, as follows
1
[, =%, = | : & xT=1v 4+ T,
Tn],
So, any vector € V can be associated with a column vector x, € F". We now show that
the dual space V* is also isomorphic to the vector space F". Once this is shown we can
conclude that V is isomorphic to V*. An arbitrary linear functional ¢ € V* satisfies that
d(z) = p(z1v1 + -+ z0vy,)
=T qb('vl) + ¢(vn)
Ty
= [¢(v1)7"' 7¢(Un)]v el
Tn],
for all z € V. Denoting the scalars ¢; = ¢(v;), for i = 1,--- ,n, we introduce the coordinate
map [ |, : V* — F™ as follows

Tl

[Pl = [01,,0n], & (@) =[01, n],

x"v
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The coordinate map defined on the space V* of linear functionals associates a linear func-
tional with a row vector. We have chosen a row vector instead of a column vector so we
can use the matrix-vector product to express the action of ¢ on a vector . We conclude
that, once a basis is fixed in a finite dimensional vector space, vectors can be associated with
column vectors, while linear functionals can be associated with row vectors. This establishes
the Theorem. O
Proof of Theorem [5.2.11k (Second proof.) Since V* = L(V,F), by Theorem we
know that dim V* = dim V', where we used the fact the space of scalars, F, is itself a vector
space and dim F = 1. From the proof of Theorem we know that a basis of V* is given
by the set of linear functionals ® = {¢,} defined as follows: Given a basis V = {v;} of V,
fori=1---,n=dimV, the linear functionals ¢, satisfy

1 fori=k,
0 fori#k,
Such a basis ® is called the dual basis of V. Now that we have a basis in V and a basis in V'*

it is simple to find an isomorphism between these spaces. We propose the map R: V — V*
that changes one basis into the other,

¢,V —F, c;Si('Uk):{ k=1, ,n.

R(v;) = ¢;,.
We now show that this linear transformation R is an isomorphism. It is injective because
of the following argument. Consider an arbitrary element v € N(R), that is,

R(v) =0,

where 0 : V — F is the zero map. Introducing the basis decomposition v = Y " | v; v; in
the expression above we get

0= ivi R(’UZ) = ivi ¢z
i=1 =1

Since the set ® is a basis of V*, then @ is linearly independent, which implies that all
coefficients v; above vanish. We conclude that the vector v = >_"" | v; v; = 0, that is, the
null space of R is trivial. Hence R is injective. This property together with the Nullity-Rank
Theorem and the fact that dim V* = dim V' imply that R is also surjective. We conclude
that V is isomorphic to V*. This establishes the Theorem. O

In the second proof above we introduced a particular basis of the dual space, called the
dual basis.

Definition 5.2.12. Given an n-dimensional vector space V. with a basis V = {vy,--- ,v,},
the dual basis of V is a particular basis ® = {¢q, -+, ¢, } of the dual space V* that for
i,j =1,--- ,n the basis linear functionals ¢, satisfy

1 fori=yj,

ilv;) = {0 fori # j.

EXAMPLE 5.2.11: Find the dual basis of the basis & C R2, where
1 -1
UZ{U1:|:1:|,U2:|:1:|}.

SOLUTION: We need to find a set ® = {¢;, ¢, } of linear functionals satisfying the equations

¢1(U1) =1, ¢2(u1) =0,
¢1(u2) =0, ¢y (uz) = 1.
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The two equation on the left can be solved independently of the two equations on the
right. Recall that the most general expression for the linear functionals ¢; : R> — R and
¢, : R? — R is given by

o3 ( Lxcj) = a171 + azTs. 0B ( Bj) = b1y + baa.

We only need to find the components a;, as and by, b. The a’s can be obtained from the
two equations on the left above, that is,

1
pr(u)=1 = ¢1(H)a1+a21 o —1/2.
-1 as =1/2.
=0 = af]])=ara=o 2 =1/
A similar calculation for ¢, implies,
1
Gy(u) =0 = ¢2(H)b1+bzo b= _1/2,
by = 1/2.

Po(ux) =1 = ¢1({11D:—b1+b2:1.

So we conclude that the dual basis of U is the basis ® = {¢;, ¢, } defined as follows
X o 1 T - 1 . )
¢)]<|:‘LZ:|> —5(1’] +T2) ¢]<|;L2:|> = 5( T +I2)

If we associate the linear functionals above with row vectors in R? with the isomorphism

T
(] = [a17a2] A ¢’(Lj) = a171 + a2,
then, the answer of the Example is given by the row vectors

=111, )= [11].

Associating linear functionals components with row vector is useful, because the matrix-
vector product can be used to represent the action of a functional onto a vector. The
scalar obtained by the action of a linear functional onto a vector is the scalar given by the
matrix-vector product of a row vector times a column vector. For example,

s =501 [f| =1 = 5001 [ =0

1

¢o(u1) = % [—1,1] m =0, P, (uz) = 3 [—1,1] [_11] =1.
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5.2.4. Exercises.

5.2.1.- Show that the linear transformation
T : F? — F? given below is invert-
ible and find the inverse transformation,

where
1 I LA e ol 2
T( |:$2:|) o |:3x1 — 21’2:| ’
5.2.2.- Consider the vector space

dp
p(0) =0, 5,0 = 0}
Then show that the linear transforma-
tion A : V — P2 given below is invert-
ible and find the inverse transformation,

where

V:{p€P4 :

_dp

© dax?’

5.2.3.- Use the Nullity-Rank Theorem [5.1.6]
to show that if the finite dimensional

vector spaces V and W are isomorphic,
then they have the same dimension.

A(p)

5.2.4.- Show that the spaces P, and Frt!
are isomorphic.

5.2.5.- Use the coordinate map to prove
Theorem Every n-dimensional
vector space over the field F is isomor-
phic to F™.

5.2.6.- Show that the projection onto the
i-component wy : F* — F is a linear
functional, where

Tn

5.2.7.- Let V = P2([0,1]) be the vector
space of polynomials up to degree two
on the domain [0,1] C R. Show that
the function ¢ : V' — R given below is
a linear functional, where

#(p) = /01 p(z) dw.

5.2.8.- Given the basis U C R? below, find
its dual basis, where

ol [}
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5.3. THE ALGEBRA OF LINEAR OPERATORS

A vector space where one can multiply two vectors to obtain a third vector is called an
algebra. We have seen that the set L(V,W) is a vector space. A multiplication can be
defined between linear transformations in many different ways, but the most interesting one
from the physical point of view is the composition of linear transformations. If T: U — V
and S:V — W are linear transformations, then So T': U — W defined as

(So T)(u) = S(T(u)) for all we U,

is also a linear transformation. This operation is not defined on a single vector space, but on
three different spaces, namely, L(U, V), L(V,W) and L(U, W). However, in the particular
case that U = V = W the composition of linear operators is defined on a single vector space
L(V,V), denoted simply as L(V'). The vector space L(V') is an algebra of linear operators.
We start introducing the definition of an algebra over a field.

Definition 5.3.1. An algebra V over the field F is a vector space V over the field F
equipped with an operation V- x V. — V called multiplication, satisfying,

u(av + bw) = a uv + b uw for all u,v,w eV and a,b € F.
The algebra is called associative iff the product satisfies
u(vw) = (uv)w for all u,v,we V.
The algebra is called commutative iff the product satisfies
uv = VU for allu,veV.
An algebra is called with tdentity iff there is an element 1 € V satisfying

w=ut=1u for allue V.

Maybe the best known example of an algebra is the vector space R?® equipped with
the cross product, also called vector product. This is a non-associative, non-commutative
algebra.

EXAMPLE 5.3.1: Let S = (e1, ez, e3) be the standard ordered basis of R? and introduce the
cross product of vectors u, v € R? as follows

uXxXyv= (U2U3 — U3U2) e — (Ul’Ug — U3U1) e + (Ul’UQ — UQUl) €3,

where u = uj e; +uses +uges and v = vy e; + vaes + v3e3. Show that R? equipped with
the cross product is a non-associative, non-commutative algebra.

SOLUTION: It is convenient to express the cross product of two vectors using the determinant
notation. Indeed, the cross product above is equal to the following expression

€1 € €3
uxv=iuy u2 us|,
V1 V2 U3

where in the first row of the array above contains the basis vectors and the other two
rows contain vector components. So, the array above is not a matrix, but the definition
of determinant of a matrix when used on this array produces the cross product of two
vectors. This notation is convenient since the cross product shares all the properties that
the determinant has. For example, the cross product satisfies the following two properties:

€1 €2 €3 €1 €2 €3
ux(av)=|ur w2 ug|=alur uz ug|=a(uxv);
avy avy avs V1 V2 (%R}
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€1 €9 €3
ux (v+w)= U1 U9 U3
(v1 +wy1) (v2+wa) (v3+ws)
€1 €y €3 €1 €9 €3
= |ur U2 ug|+|ur U2 U3
V1 V2 Us w; W2 V3

=uXV+uXxw.

These two properties show that R with the cross product form an algebra. This algebra is
not commutative, since

€1 € €3 €1 € €3
uxv=|u uz ug|=-—|[vi vy w3l =—(vxu).
(% V2 Vs up U Uug

In particular, notice that the equation above implies that u x u = 0. Finally, this algebra is
not associative as the following argument shows. First, from the definition of cross product
it is simple to see that

e; X ey = eg, e3 X e] = ey, ey X eg = €.
Using the first two equations we obtain the following relations,
e1 X (e1 X eg) = e X e3 = —eg,
(e1 Xe1) Xea =0xey =0,
showing that the algebra is not associative. <

In these notes we concentrate on only one example, the algebra of linear operators on a
vector space, which we now describe in the following result.

Theorem 5.3.2. The vector space L(V) of linear operators on a vector space V' over the
field F equipped with the composition operation is an associative algebra with identity. This
algebra is not commutative. Furthermore, dim L(V) = (dim V).

Proof of Theorem [5.3.2k The vector space L(V') equipped with the composition operation
is an algebra. Indeed, given arbitrary linear operators R, S, T € L(V), the following
equations holds for all v € V', and all scalars all a, b € F,

(To(aS+bR))(v) = T(aS(v) + b R(v))
o T(S(v)) + b T(R(v))
=aToS(v)+bTo R(v).

Therefore, we established that the composition operation satisfies
To(aS+bR)=aToS+bToR,

proving that the vector space L(V') equipped with the composition operation is and algebra.
This algebra is associative, since for all linear operators R, S, T € L(V), the following
equations holds for all v € V,

(To (S0 R))(v) = T(

W\

o

=
=
~
~—
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so we conclude that

To(SoR)=(ToS)oR.
This algebra has identity, since the identity transformation Iy, € L(V') satisfies the equation
I,oT=T= Tol, for all T € L(V). Finally, this algebra is not commutative. We just
need to show one example with this property. We choose V' = R? and the transformations

given by matrices
0 1 0 -1

We have seen in Example 2.1.3 and Z.1.4] that A is a reflection along the axis x1 = zo while
B is a rotation by 7/2 counterclockwise. It is simple to see that

0 1} |0 -1 1 0
AoB= {1 0} {1 0} - [0 —1]
0 -1} |0 1 -1 0
BOA_L o} {1 o}_{o 1]‘
Therefore, the algebra is not commutative. Finally, the result that dim L(V) = n? follows
from Theorem This establishes the Theorem. O

EXAMPLE 5.3.2: Show that the vector space F™" equipped with the matrix multiplication
operation is an associative algebra with identity.

SOLUTION: We know that F™™ = L(F™), and we also know that matrix multiplication is
equal to matrix composition, that is, for all A, B € F"™»" and all x € F™ holds

(AB)x =A(Bx) = (AoB)(x) = AB=AoB.

Therefore, Theorem [£.3.2] implies that F™" equipped with the matrix multiplication opera-
tion is an associative algebra with identity. <

5.3.1. Polynomial functions of linear operators. Polynomial functions of vectors in
an algebra can be defined using linear combinations and multiplications of vectors. In the
particular case of the algebra of linear operators, we use the notation T'o § = T'S for the
composition of linear operators in L(V), and also T" = TT"™"! for the n-th power of the
operator T, which is defined for all positive integers n > 1. The consistency of this equation
for n = 1 demands the definition T° = I,,. It follows that functions like the operator-valued
polynomial below can be defined.

Definition 5.3.3. An operator-valued polynomial of degree n defined by the scalars
ag, -+ yan € F is the function p: L(V) — L(V) given by

p(T):aoIv+a1T+a2T2+...+anTn.

EXAMPLE 5.3.3: Consider the vector space V = R? and given any real number 6 introduce
the linear operator
R, — cos(f) —sin(6)
9= Isin(0)  cos(9) |
Find the explicit expression of the operator (Rg)™ for any positive integer n.

SOLUTION: We have seen in Example 2.1.5] that the operator Ry is a rotation by an angle
0 counterclockwise. We have also seen in Example [2.3.6] that given two operators Ry, and
Ro,, the following formula holds,

R91 R92 = R‘91+92'
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In the particular case of ; = 6, we obtain (R9)2 = Ryp. Analogously,
(Re)g = Re(Re)2 = RgRag = Rgp.

This calculation suggests the formula (Rg)n = R, for all positive integer n. We now prove
this formula using induction in n. Assume that the formula holds for an arbitrary value of
n and then prove that the formula also holds for (n + 1). Indeed,

n+1 n
(Re)( - Ro(Ro)" = RoRno = Rint1)e-
We then conclude that (R())n = R,,p holds for every positive integer n. <

5.3.2. Functions of linear operators. Negative powers of an operator can be defined in
the case that the operator is invertible. In that case, if one defines T~ " = (T_l)n for any
positive integer n, then the exponents satisfy the usual well known rules that hold when the
base is a real number. That is, for an invertible operator T holds that T™ T" = T+
and (Tm)n = T™", for all integers m, n.

It is much more complicated to define further generalizations of these operator-valued
power functions to include fractional exponents and real number exponents. The general idea
behind such generalizations is the same used to define an infinitely differentiable function
of an operator. Such functions are defined using Taylor expansions similar to those used
on real-valued functions. Let us recall that the Taylor expansion centered at xg € R of an
infinitely differentiable real-valued function is given by

> r(n)
£@) = 3 N o) = (o) 4 7 (w0) (= 0) + £ (w0) (2 = o)
n=0
ExamMpLE 5.3.4: Find the Taylor series expansion of the real valued exponential function
f(z) = e* centered xy = 0.

SOLUTION: Since zg = 0, the Taylor expansion formula above has the form

S0 L,
@)=Y T2 e = f(0) + f(0) 2+ 7 (0) 2> + -

n=0 ’
Since the exponential function f(z) = e® satisfies that f(")(x) = f(z) for all positive integer
n, and f(0) = e® = 1, we obtain the formula

" g 2 28
e :Zﬁ:1+l’+§+§+””
n=0 4

Coming back to linear operators on a vector space, one can use the right hand side of
the Taylor expansion formulas to define a function of a linear operator. However, such idea
cannot be applied to linear operators until one understands the meaning of an infinite sum
of linear operators. We discuss these ideas in Chapter What we can do right now is
to truncate the Taylor series and define a particular type of polynomial functions of linear
operators as follows. Given the real-valued function f : R — R, a vector space V, and a
linear operator T € L(V), introduce the Taylor polynomial fy(T) for any positive integer
N as follows

N r(n)
fN(T) = Z fT('ajO) (T— Zo Iv)n7
n=0 :
that is,

F(T) = Fao) Ty + £ (@) (T—a0 ) -+ LU (7 gy 1)
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The Taylor polynomial of degree N simplify in the case that zg = 0, that is

F9(0)

N
N!T'

N pn) ,
fN(T):Zf © T" = f0)Iy + f (0) T+---+

!
~ nl
In order to define the limit of fx(T) as N — oo it is needed a notion of distance between
linear operators. We come back to this point in Chapter [Q

5.3.3. The commutator of linear operators. We know that the composition of linear
maps depends on the order the operators appear. We say that function composition is not
commutative. The commutator of two linear operators measures the lack of commutativity
of these two operators.

Definition 5.3.4. The commutator, [T, S|, of the operators T, S € L(V) is given by,
[T,S]=TS— ST.
In the case where L(V) = F™" the commutator of linear operators defined above agrees

with the definition of matrix commutators introduced at the end of Section 23] An imme-
diate consequence of the definition above are the following properties.

Theorem 5.3.5. For S, T, Ue L(V) and a, b € F, we have:

(a) [T,S]=-[S, T, antisymmetry;

(b) [aT,bS] =ab[T, S], linearity;

(c) [U(T+98)]=[UT]|+[U,S], linearity in the right entry;

(d) [( U+ T),S]|=[U,S|+[T,S], linearity in the left entry;

(e) [UT,S|=U|[T,S]+|U, ST, left derivation property;
f) [U, TS] = T[U S|+ (U, T]S right derivation property;

(9) [[S.T], U]+ [[U,S], T|+[[T, U],S] =0, Jacobi identity.

Proof of Theorem [5 Properties (@)-(d) and (g) follow from the definition of commu-
tator in a straightforward way. We just show here the left derivation property:
[UT,S|=UTS - SUT

=UTS—- SUT+ UST - UST

= (UTS—- UST)+ (UST—- SUT)
The proof of the right derivation property is similar. This establishes the Theorem. O

The commutator of two linear operators in a vector space is an important concept in

quantum mechanics, since it indicates how well two properties of the physical system de-

scribed by these operators can be measured simultaneously. The Heisenberg uncertainty
relations are statements about the commutators of linear operators.
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5.3.4. Exercises.

5.3.1.- Let T, S € L(F?) be the linear op-
erators given by

(2D =[] s = [0)

Compute explicitly the operators
(a) 3T —2S;

(b) ToSand So T,

(c) T? and S°.

5.3.2.- Find the dimension of the vector
spaces L(F'), L(P2) and L(F>?).

5.3.3.- Let T: R? — R? be the linear oper-

o([2]) = [

Find the operator T 2.

5.3.4.- Let T:R? — R? be the linear oper-

ator
zi|\ _ | o1+ 222
(o)) = [ V)
Find the operator
p(T)=T?-2T-3 L.

5.3.5.- Use the definition of the rotation
matrix Ry given in Example and
the formula (Rg)" = Ryo to explicitly
verify that (Rg)" (Re) ™" = la.

5.3.6.- Prove the properties @), (B) and (@)
in Theorem
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5.4. TRANSFORMATION COMPONENTS

5.4.1. The matrix of a linear transformation. We have seen in Sections 2] and [E.1]
that every m x n matrix defines a linear transformation between the vector spaces F™ and
F™ equiped with standard bases. We now show that every linear transformation T': V' — W
between finite dimensional vector spaces V' and W has associated a matrix T. The matrix
associated with such linear transformation is not unique. In order to compute the matrix of
a linear transformation a basis must be chosen both in V and in W. The matrix associated
with a linear transformation depends on the choice of bases done in V and W. We can say
that the matrix T of a linear transformation 7' : V' — W are the components of T in the
given bases for V and W, analogously to the components v of a vector v € V in a basis for
V studied in Section .4l

Definition 5.4.1. Let both V' and W be finite dimensional vector spaces over the field F
with respective ordered bases V = ('vl, e ,'un) and W = ('wl, e ,'wm), and let the map
[Jw: W — F™ be the coordinate map on W. The matriz of the linear transformation
T:V — W in the ordered bases V and W is the m X n matriz

Tow = [[T(v1)]w: - [T(vn)]w ] - (5.3)

Let us explain the notation in Eq. (53). Given any basis vector v; € V C V, where
i =1,--- ,n, we know that T(v;) is a vector in W. Like any vector in a vector space,
T(v;) can be decomposed in a unique way in terms of the basis vectors in W, and following
Sect. 4] we denote them as [T(v;)]w. When there is no possibility of confusion, we denote
Tyw simply as T.

EXAMPLE 5.4.1: Consider the vector spaces V = W = R2, both with the standard basis,
that is, S = (e1 = [(ﬂ , € = [(1)]) Let the linear operator T : R? — R2 be given by

o]l = ] 60
x2] /s 4oy —xo |
(a) Find the matrix T, associated with the linear operator above.

b) Consider the ordered basis U for R? given by U = (uys = 1 , Ugg =
1

1]) Find the

matrix T,, associated with the linear operator above.

SOLUTION:
Part (@): The definition of Ty, implies T,s = [[T(e1)]s,[T(e2)]s]. From Eq. G4) we
know that
1 3 0 2
[TQO] ﬂ - M : [T(M ﬂ B [—1] :
S S S S
Therefore,
3 2
-t 2]
Part ([): By definition Ty, = [[T(w1)],, [T(u2)],]. Notice that from the definition
of basis U we have u;; = [u;]s, the column vector form with the components of the basis

vectors u; in the standard basis S. So, we can use the definition of T in Eq. (4], that is,

= (o] )] -] = 1251, - [5],
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The results above are vector components in the standard basis S, so we need to translate
these results into components on the U/ basis. We translate them in the usual way, solving
a linear system for each of these two vectors:

-1 1 -1

=] == b= [0

R FIR

The solutions are the components we are looking for, since

[Tl = H [ T(wn)], = H

Y2 22

We can solve both systems above at the same time using the augmented matrix

1 -1 5—1H10 4 -3
1 1 3 =5 0 1 -1 =2/

We have obtained that

So we conclude that

<

From the Definition [5.4T]it is clear that the matrix associated with a linear transformation
T:V — W depends on the choice of bases V and W for the spaces V and W, respectively.
In the case that V' = W the matrix of the linear operator T : V — V usually means T,,,
that is, to choose the same basis V for the domain space V' and the range space V. But this
is not the only choice. One can choose different bases V and V for the domain and range
spaces, respectively. In this case, the matrix associated with the linear operator T is T,3,
that is,

Tos = [[T(v)]s, -, [T(va)]5 ] -

EXAMPLE 5.4.2: Consider the linear operator defined in Eq. (5.4]) in Example 541l Find the
associated matrices T, and T, where S and U are the bases defined in that Example 5.4.1]

SOLUTION: The first matrix is simple to obtain, since

Tus = [[T(w)]s, [T(uz)]s]

and it is straightforward to compute

(=[] n-1

so, we then conclude that
5 —1

Tou = [[T(e)]u, [T(e2)]u] -
From the definition of T we know that

EL-1 . =EDL-[2]

We now compute
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The results are expressed in the standard basis S, so we need to translate them into the U

basis, as follows
2| 1 n -1
1 . =z 1 . Z92 1 . .

R FIR

The solutions are the components we are looking for, since
Y1 21
T(e1)|. = , T(e)l, = .
Tel =[] - men = 2]

We can solve both systems above at the same time using the augmented matrix
1 -1 3 2 . 20 7 1
1 1 4 -1 0 2 1 =3

We have obtained that

So we conclude that

<

5.4.2. Action as matrix-vector product. An important property of the matrix associ-
ated with a linear transformation T is that the action of the transformation onto a vector
can be represented as the matrix-vector product between the transformation matrix T the
vector components in the appropriate bases.

Theorem 5.4.2. Let V and W be finite dimensional vector spaces with ordered bases V
and W, respectively. Let T : V. — W be a linear transformation with associated matrix
Tow. Then, the components of the vector T(x) € W in the basis W can be expressed as the
matriz-vector product
[T(m)]w - va Xvy
where x, = @], are the components of the vector € € V in the basis V.
Proof of Theorem [5.4.2 Given any vector € V', the definition of its vector components
in the basis V = {wv, -+, v, } implies that
x1
Xy = : & T=21V1+ -+ XUy
Tn],
Since T'is a linear transformation we know that
T(x) =21 T(v1) + - + x5 T(vy).
The equation above holds in any basis of W, in particular in W, that is,
[T(z)]w = 21 [T(v1)]w + - 4 20 [T(vn)]w
xy
= [[T(v)]w, - [T(vn)]w |
Tn],
= Tyw Xe-

This establishes the Theorem. O
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EXAMPLE 5.4.3: Consider the linear operator T : R? — R? given in Example [£.4.1] above
together with the bases S and U defined in that example.

(a) Use the matrix vector product to express the action of the operator T° when the standard
basis S is used in both domain and range spaces R2.

(b) Use the matrix vector product to express the action of the operator T when the basis
U is used in both domain and range spaces R2.

SOLUTION:
Part (a): We need to find [T(x)]s and express the result using T,s. We use the notation

Xg = Bl} , and we repeat the steps followed in the proof of Theorem
2 S
(T@). = [Tier + raea)), = a1 [Tler)] + 22 [Tl = [Tlen)l [Teal] [72]

so we conclude that [T(x)]s = Tssxs and the matrix on the far right-hand side agrees with
the matrix we found in the first half of Example 5.4 where we have found that

3 -2
T.-l 1

Therefore, the action of T on x when expressed in the standard basis S is given by the
following matrix-vector product,

mon=f 2B

Part (b): We need to find [T(x)], and express the result using T,,,. We use the notation
Xy = [?} , and we repeat the steps followed in the proof of Theorem [5.4.2]
2 u

T = [T + dyun)l = & [Tl + 22 [ Tun) = [T [Tl |7)

T

so we conclude that [T(x)], = T,ux,. At the end of Example [540] we have found that

4 -3
Tuu, - |:_1 _2:| w .

Therefore, the action of T on x when expressed in the basis U is given by the following

matrix-vector product,
4 -3 Z
[T(a})]u B {_1 _2} uu {5’:2} u .

<

ExXAMPLE 5.4.4: Express the action of the differentiation transformation D : P3 — P, given

d
by D(p)(x) = —p(x) as a matrix-vector product in the standard ordered bases

dx
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SoLuTION: Following the Theorem [5.4.2] we only need to find the matrix D4z associated
with the transformation D,

01 0O
Dss = [[D(po)]s: [D(p1)]s, [D(p)]s, [D(ps)ls] = Dss= |0 0 2 0
0 0 0 3f_
Therefore, given any vector
Qo
p(r) = ap + a17 + axx® + azz® &  ps = Z;
as s
we obtain that D(p)(x) = a1 + 2a22 + 3azx? is equivalent to
01 0 0] | a
[D(p)ls =Dwsps = [D(p)ls=10 0 2 0 |} = [D(p)= |20
00 0 3. 02 3as | -
S8Ss 3

ExXAMPLE 5.4.5: Express the action of the integration transformation S : Py — Pj3, given

by S(q)(z) = [y q(t)dt as a matrix-vector product in the standard ordered bases

SOLUTION: Following the Theorem [5.4.2] we only need to find the matrix Szs associated with
the transformation S,

0 0 0
1 0 0
Sss = [[S(ao)ls, [S(a1)]s, [S(@)]s] = Sss = 0o 10
1
0 0 3 is
Therefore, given any vector
ao
q(x) = ag taiz+ax® & qs= |
as 3
. o ai 2 as 3 - .
we obtain that S(q)(z) = agx + 57 + 3 % equivalent to
0 0 O “ 0
1 0 0 v a
Sl =Ssas = (S@h=|g L o || = S@l.=]5,
2 as | - 1
0 0 % Ss ° (L2/3 s
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5.4.3. Composition and matrix product. The following formula relates the composition
of linear transformations with the matrix product of their associated matrices.

Theorem 5.4.3. Let U, V and W be finite-dimensional vector spaces with bases U, V
and W, respectively. Let T : U — V and S : V. — W be linear transformations with
associated matrices Ty, and Sy, respectively. Then, the composition So T : U — W given
by (So T)(u) = S((T(u)), for all w € U, is a linear transformation and the associated
matriz (So T)yw is given by the matriz product by

(S o T)uw - vaTuv~

Proof of Theorem [5.4.3k First show that the composition of two linear transformations
S and T is a linear transformation. Given any u;, up € U and arbitrary scalars a and b
holds

(8o T)(au; + bus) = S(T(aw; + bus))
S(a T(ur) + b T(uz))

= a 8(T(w)) +bS((T(us))
a(SoT)(u)+b(So T)(us).

We now compute the matrix of the composition transformation. Denote the ordered basis

in U as follows, U = (ul, e ,un). Then compute
(SoMuw = [[S(T(w))],,.--» [S(T(un))],, ]
The column 4, with 4 =1,--- ,n, in the matrix above has the form

[S(T(w))],, = Sl T(w)]s = SuuTuotia.
Therefore, we conclude that
(SoT)uw = Sow Tuw-
This establishes the Theorem. O

EXAMPLE 5.4.6: Let S be the standard ordered basis of R3, and consider the linear trans-
formations T': R?® — R? and §: R® — R3 given by

xr1 2x1 — x9 + 3x3 1 —Z1
|:T( i) )] = |—x1 + 22?2 - 41‘3 , |:S( To )i| = 21‘2
x3 s To + 313 x3 ’ 373

S S S S

(a) Find a matrices Tss and Sgs. By the way, Is T injective? Is T surjective?
(b) Find the matrix of the composition To §: R3 — R? in standard ordered basis S.

SOLUTION: Since there is only one ordered basis in this problem, we represent T,s and S,
simply by T and S, respectively.
Part (a): A straightforward calculation from the definitions

T = [[T(e1)]s, [T(e2)ls, [T(e3)ls], S = [[S(e1)ls,[S(e2)ls,[S(es)ls],

gives us the matrices associated with T and S in the standard ordered basis,

2 -1 3 -1 0 0
T=1|-1 2 -4/, S=|0 2 0
0 1 3 0 0 3
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The information in matrix T is useful to find out whether the linear transformation T is
injective and/or surjective. First, find the reduced echelon form of T,

2 -1 3 1 -2 4 1 -2 4 1 0 10 1 0 0
-1 2 -4 -2 -1 3{—-1|0 3 5|—=1]0 1 3|—1]0 1 0
0 1 3 0 1 3 0 1 3 0 0 —4 0 0 1

We conclude that N(T) = {0}, which implies that T is injective. The relation
dim N(T) 4+ dim Col(T) = 3
together with dim N(T) = 0 imply that dim Col(T) = 3, hence T is surjective.

Part (b): The matrix of the composition T o S in the standard ordered basis S is the
product TS, that is,

2 -1 3] [-1 0 0 -2 -2 9
(ToS)es=TS=1|-1 2 -4/ |0 2 0] = (ToS).=|1 4 -12
0 1 3 0 0 3 0 2 9
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5.4.4. Exercises.

5.4.1.- Consider T : R? — R? the linear
operator given by

L(EDI

T2] s | =21 + 4o S
where S denote the standard ordered
basis of R%. Find the matrix Ty, as-

sociated with the linear operator T in
and the ordered basis U of R? given by

([Ul]s = ms s [u2s = B]g)

5.4.2.- Let T: R®> — R3 be given by

T 1 — T2
[T( T2 )] = |—z1 + 32| ,
S
Z1 Ty —x3 |

S is the standard ordered basis of R3.

(a) Find the matrix Ty, of the linear
operator T in the ordered basis

1 0 1
u=(07 ,1).

s L s K

1
1 1 0
(b) Verify that [T(v)]u = TuuVu, where

1
ve = |1
_2_

5.4.3.- Fix an m X n matrix A and define
the linear transformation T7: R" — R™
as follows: [T(z)]s = Axs, where & C
R” and S C R™ are standard ordered
bases. Show that Ts; = A.

5.4.4.- Find the matrix associated with the
linear transformation T : P3 — Pa,
d’p dp
I(p)(z) = @(m) - %(93)»

in the standard ordered bases of Ps, Pa.

5.4.5.- Find the matrices in the standard
bases of P3 and Py of the transforma-
tions

S’OD:]P);;—>IP’37 DOS:P2—>P2,
that is, the composition of the differen-

tiation and integration transformations,
as defined in Sect. Bl
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5.5. CHANGE OF BASIS

In this Section we summarize the main calculations needed to find the change of vector
and linear transformation components under a change of basis. We provide simple formulas
to compute this change efficiently.

5.5.1. Vector components. We have seen in Sect. [£4] that every vector v in a finite
dimensional vector space V with an ordered basis )V, can be expressed in a unique way as
a linear combination of the basis elements, with v,, = [v], denoting the coefficients in that
linear combination. These components depend on the basis chosen in V. Given two different
ordered bases V, Y C V', the components v, and v; associated with a vector v € V are in
general different. We now use the matrix-vector product to find a simple formula relating
vV, to vy,

Let us recall the following notation. Given an n-dimensional vector space V, let V and
V be two ordered bases of V' given by

f/:('bl,~~ ,i)n) and V= (v1,~-~ ,vn).

Let I:V — V be the identity transformation, that is, I(v) = v for all v € V', and introduce
the change of basis matrices

lfw = [\7111’ to 7\7nv] and Ivf} = [Vlf)a te 7Vn’5] 3

where we denoted, as usual, V;, = [¥;], and v;5 = [v;]5, for ¢ = 1,--- /n. Since the sets
V and V are bases of V, the matrices l,; and |y, are invertible, and it is not difficult to
show that (l,3)~! = l3,. Finally, introduce the following notation for the change of basis
matrices,

P=1ls and P!=l,.
Theorem 5.5.1. Let V' be a finite dimensional vector space, let V and V be two ordered
bases of V', and let P = l, be the change of basis matriz. Then, the components x; and

Xy of any vector x € V in the ordered bases V and V, respectively, are related by the linear
equation

Xy = P_lxv. (55)

REMARK: Eq. (B3] is equivalent to the inverse equation x, = P xg.
Proof of Theorem [5.5.1F Let V' be an n-dimensional vector space with two ordered bases
V= ('bl, e ,'izn) and V = (v1,~-~ ,'vn). Given any vector x € V', then the definition of
vector components x,, = [#], in the basis V implies
1
Xy = < =211+ -+ TpU,.

SL‘nU

Express the second equation above in terms of components in the ordered basis V,
T
Xg = T1Vig + * + TnVng = Vi, Vas] | = Xp = lys Xp.

{,Cnv

We conclude that x; = P~ !x,. This establishes the Theorem. O



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 169

ExXAMPLE 5.5.1: Consider the vector space V = R? with the standard ordered basis S and

the ordered basis U = (uls = [ﬂ , Uggy = [11} ) Given the vector with components

Xg = E)J K find x,.
SOLUTION: The answer is given by Theorem [E.5.] that says
xu =P %, P =l
From the data of the problem the matrix P is simple to compute, since

P=lu= [Ulsa U2s] = |} _11:| .

Computing the inverse matrix

we obtain the final result

<

EXAMPLE 5.5.2: Let V = R? with ordered bases B = {bl, bg} and C = {cl, 02} related by
the equations

b1 =—c1 +4co, by = 5¢; — 3cs.

(a) Given x, = [g} , find x..
b
(b) Given x, = B] , find xp.

SOLUTION:
Part (a): We know that x, = P~Ixp, where P = l.4. From the data of the problem we
know that

4

bi=—-c1+4c2 & b= [1} )
. o [—1 5]

be = 3
4 -3

b2c_ |: 5:| P be

by = 5¢; — 3cs. =

hence we know the change of basis matrix l. = P~!, so we conclude that

S e T2 B -1 I b
=14 3], 13, © 7 1,

Part (b): keeping the definition of matrix P = I as we introduced it in part (a), we
know that x. = P7!x,. In this part (b) we need the inverse relation x;, = Px.. Since

-1 5 3
-1 _ e o
P™ = { 4 _3] ) it is simple to obtain P™" = = {4

L3 5] [t Lo L8
ESTAE "Tar 5],

ﬂ . Using this matrix we obtain
cb



170 G. NAGY - LINEAR ALGEBRA JjuLy 15, 2012

5.5.2. Transformation components. Analogously, we have seen in Sect. [5.4] that every
linear transformation T': V' — W between finite dimensional vector spaces V and W with
ordered bases V and W, respectively, can be expressed in a unique way as an dim W x dim V'
matrix T,,,. These components depend on the bases chosen in V and W. Given two different
ordered bases V, Y C V', and given two different bases W, W C W, the matrices T, and Tzg
associated with the linear transformation T are in general different. Matrix multiplication
provides a simple formula relating T, and Tgz.

Let us recall old notation and also introduce a bit of new one. Given an n-dimensional
vector space V, let V and V be ordered bases of V,

]}:(%17"‘7’;}77,) and V:(vl,...’vn);
and given an m-dimensional vector space W, let W and W be two ordered bases of W,
W:(ﬂ)h“'ﬂ]}m) and W:(w1,~~,wm).

Let I:V — V be the identity transformation, that is, I(v) = v for all v € V', and introduce
the change of basis matrices

Ivf) = [Vlf)a T >Vn5] and If)v = [\711)7 o avnv] .

Let J : W — W be the identity transformation, that is, J(w) = w for all w € W, and
introduce the change of basis matrices

J'wu? = |:W11Dv e 7Wmﬁ)] and -Ju?w = [Wlwa T 7\7Vmw] .

Notice that the sets V and V are bases of V, therefore the n x n matrices l,; and | are
invertible, and (l,5)~* = l3,. The similar statement is true for the m x m matrices J,,5 and
Jiw, and (Jm;})’1 = Jgw. Finally, introduce the following notation for the change of basis
matrices,

P=1lsp = Pl=ls and Q=Jsw = Q'=lJuas

Theorem 5.5.2. Let V and W be finite dimensional vector spaces, let V and V be two
ordered bases of V, let W and W be two ordered bases of W, and let P = 5, and Q = Jgu
be the change of basis matrices, respectively. Then, the components Tsg and T, of any
linear transformation T :V — W in the bases V, W and V, W, respectively, are related by
the matriz equation

Tow = Q' TP, (5.6)

REMARK: Eq. (58] is equivalent to the inverse equation T,, = QTz3P~!. A particular
case of Theorem that frequently appears in applications is when 7' is a linear operator.
In this is the case T': V — V, so V = W. Often in applications one also has V = W and
Y = W, which imply P = Q.

Corollary 5.5.3. Let V be a finite dimensional vector space, let V and V be two ordered
bases of V, let P = |5, be the change of basis matriz, and let T :V — V be a linear operator.
Then, the components T=Ts and T = Ty, of T in the bases V and V, respectively, are
related by the matrixz equation

T=PITP. (5.7)
Proof of Theorem Let V be an n-dimensional vector space with ordered bases
V= (i}h e ﬂ)n) and V = (vl, e ,vn); and let W be an m-dimensional vector space with
ordered bases W = (ﬂzl, e ,'fum) and W = (wl, e ,'wm). We know that the matrix Tgz
associated with the transformation T and the bases f/, W, and the matrix T,,, associated

with the transformation T and the bases V, W satisfy the following equations,
[T(:E)]ﬁ, = T{)wa, and [T((E)]w = vax'u~ (58)
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Since T(x) € W, Theorem [F.5.1]says that its components in the bases W and W are related
by the equation

[T(@)]s = Q' [T(@)]w, with Q= Jgu.
Therefore, the first equation in (L8] implies that
Toaxs = Q' [T(@)]w

= Q_lvaX'u

=Q 'TywPx;, with P =1,
where in the second line above we used the second equation in (5.8)), and in the third line
above we used the inverse form of Theorem [B.51l Since the equation above holds for all
x € V we conclude that

TTMIJ = QilvaP-

This establishes the Theorem. |

EXAMPLE 5.5.3: Let S be the standard ordered basis of R?, and let T : R?> — R? be the

linear operator given by
[ T( [:L‘l] )} |:£L'2:| :
T2 s s X1 s

that is, a reflection along the line o = z;. Find the matrix T, where the ordered basis U

is given by U = (uls = [ﬂ , Ugg = [_ﬂ )

SOLUTION: From the definition of T is straightforward to obtain T, as follows,

m= [l DL L] = L

Since T is a linear operator and we want to compute the matrix T,, from matrix T,
we can use Corollary (53] which says that these matrices are related by the similarity
transformation

Tuw =P 1T,,P, where P =Il,,.

From the data of the problem we know that

1 -1
Ius = [u187 UQS] us = |:1 1:|usv

therefore,

We then conclude that

11 1] o 1] [1 -1 10
T =3 {—1 1} [1 0} [1 1] > Tw= [o —1} '
su S8 us uu

REMARK: We can see in this Example that the matrix associated with the reflection trans-
formation T is diagonal in the basis ¢/. For this particular transformation we have that

T(ul) = u, T(’UQ) = —U2.

Non-zero vectors v with this property, that T(v) = A\v, are called eigenvectors of the operator
T and the scalar A is called eigenvalue of T. In this example the elements in the basis I/ are
eigenvectors of the reflection operator, and the matrix of T in this special basis is diagonal.
Basis formed with eigenvectors of a given linear operator will be studied in a later on. <
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EXAMPLE 5.5.4: Let S be the standard ordered basis of R%, and let T : R? — R? be the
linear operator given by
T . ($1 + wz) 1
(L= ==

that is, a projection along the line 9 = x1. Find the matrix T,,, where the ordered basis

U= (Uls = ms’ U2s = [_11]5;)'

SOLUTION: From the definition of T is straightforward to obtain T, as follows,

ro= (L) - s L

Since T is a linear operator and we want to compute the matrix T,, from matrix T,
we again use Corollary B.5.3] which says that these matrices are related by the similarity
transformation

Tuww =P 1T, P, where P=l,.
In Example £.5.3] we have already computed

o L 111
P_L 1} P _2{—1 1} ‘
us su
We then conclude that

11 1] 171 1] [1 -1 10
Tuu B 5 {_1 1} su 5 {1 1] Ss {1 1 } us i Tuu B {0 O} uu A

REMARK: Again in this Example we can see that the matrix associated with the reflection
transformation T is diagonal in the basis U, with diagonal elements equal to one and zero.
For this particular transformation we have that the basis vectors in U are eigenvectors of T
with eigenvalues 1 and 0, that is, T(u;) = w; and T(uz) = 0. <

EXAMPLE 5.5.5: Let U and V be standard ordered bases of R3 and R2, respectively, let
T : R3 — R? be the linear transformation

[2(|aa| )] = 122
2 v_ Ty — T3 v’

) 1 0 1
U= (i = [1| = 1] 5= [0| )R,
0 1 1
u u u

Find the matrices T, and Tgz5.

SOLUTION: We start finding the matrix T,,, which by definition is given by

o= (2o )] 21 )] =(po] )],

u u u
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1 -1 1
0o 1 -1
are related by the equation

Tas = Q 'TuwP, where Q=1Jz, and P =lg,.
From the data of the problem we know that
1

hence we obtain T, = [ } . Theorem [5.5.2 says that the matrices Tz5 and T,
uv

liw = [O1u, U2u, O30, =

0 1 1
1 0 = P=|1
1 1], 0

U 1 2 1 2 _ -1 2
wa: [V1117V2v]1~w: |:2 1:|~ = Q: |:2 1:|~ 3 Q b= |:2 1:| -

Therefore, we need to compute the matrix product
T~~—1[_1 2} [1 1 1} R
312 —-1f,(10 1 -1} 01 1

and the result is Tap = + [ 20 _4} . <

au

31-1 0 5

uv

5.5.3. Determinant and trace of linear operators. The type of matrix transformation
given by Eq. (57) will be important later on, so we give such transformations a name.

Definition 5.5.4. The nxn matrices A and B are related by a simzilarity transformation
iff there exists and invertible n X n matriz P such that

B =P 'AP.

Therefore, similarity transformations are transformations among matrices. They appear
in two different contexts. The first, or active context, is when matrix A and matrix B above
are written in the same basis. In this case a similarity transformation changes matrix A into
matrix B. The second, or passive context, is when matrix A and matrix B are two matrices
corresponding to the same linear transformation. In this case matrices A and B are written
in different basis, and the similarity transformation is the change of basis equation for the
linear transformation matrices.

The following results says that, no matter in which contex one uses a similarity transfor-
mation, the determinant and trace of a matrix are invariant under similarity transformations.

Theorem 5.5.5. If the square matrices A, B are related by the similarity transformation
B = P~'AP, then holds

det(B) = det(A), tr (B) = tr (A).

Proof of Theorem: The determinant is invariant under similarity transformations,
since
det(B) = det(P~*AP) = det(P ') det(A) det(P) = det(A).
The trace is also invariant under similarity transformations, since
tr (B) = tr (P7'AP) = tr (PP7'A) = tr (A).

This establishes the Theorem. O

We now use this result in the passive context for similarity transformations. This means
that the determinant and trace are independent of the vector basis one uses to write down the
matrix. Therefore, a determinant or a trace is an operation on a linear transformation, not
on a particular matrix representation of a linear transformation. This observation suggests
the following definition.
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Definition 5.5.6. Let V be a finite dimensional vector space, let T € L(V) be a linear
operator, and let T,, be the matrix of the linear operator in an arbitrary ordered basis V of
V. The determinant and trace of a linear operator T € L(V) are respectively given by,

det(T) = det(T,y), tr (T) = tr (Tyy).

We repeat that the determinant and trace of a linear operator are well-defined, since given
any other ordered basis V of V', we know that the matrices Tz and T,, are related by a
similarity transformation. However, the determinant and trace are invariant under similatiry
transformations. So no matter what vector basis we use to compute determinant and trace
of a linear operator, we always get the same result.



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 175

5.5.4. Exercises.

5.5.1.- Let U = (u1, u2) be an ordered basis
of R? given by
u; = 2e; —9e2, uz = e; + 8eo,
where § = (e1, e2) is the standard or-
dered basis of R2.

(a) Find both change of basis matrices
lus and lgq.

(b) Given the vector = 2u1 + ug, find
both xs and X,.

5.5.2.- Consider the ordered bases of R3,
B = (bl,b27b3) and C = (61,62,03),
where

C1 = b1 — 2b2 + b3,
Co = _b2 + 3b3,
c3 = —2b1 + bs.
(a) Find both the change of basis ma-
trices lp. and lgp.
(b) Let € = €1 — 2¢2 + 2¢3. Find both
xp and Xc.

5.5.3.- Consider the ordered bases U and S
of R? given by

U= (Uls = -;- yU2s = E] ),
S = (els = -(]3- , €25 = |:(1):| }
(a) Given x, = g find xs.

(b) Find eiq and 6-21;.

5.5.4.- Consider the ordered bases of R?

o= ] - )

e~ eoe[]Loo-[1]).

where S is the standard ordered basis.

(a) Given x. = 2] , find x,.

3
(b) For the same x above, find xy.

5.5.5.- Let S = (e1, e2) be the standard or-
dered basis of R? and B = (b1, b2) be
another ordered basis. Let A = [; g]
be the matrix that transforms the com-
ponents of a vector € R? from the ba-
sis S into the basis B, that is, x, = Axs.
Find the components of the basis vec-
tors b1, by in the standard basis, that
is, find bys and bas.

5.5.6.- Show that similarity is a transitive
property, that is, if matrix A is similar
to matrix B, and B is similar to matrix
C, then A is similar to C.

5.5.7.- Consider R® with the standard or-
dered basis S and the ordered basis

1 1 1

u:(0,1,1).

of Lo, [1],

s

Let T: R® — R?® be the linear operator

1 —Z’l + 212 — X3
i) -
3 s | 1+ Tx3

S

Find both matrices Tss and Tu.

5.5.8.- Consider R? with ordered bases

s= (o=l == f)
4= (o= ] = [1])

Let T : R> — R? be a linear transfor-
mation given by

r)e = [y - r = 7]

Find the matrix T,s, then the matrices
Tss, Tuu, and finally Tg,.

S
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CHAPTER 6. INNER PRODUCT SPACES

An inner product space is a vector space with an additional structure called inner product.
This additional structure is an operation that associates each pair of vectors in the vector
space with a scalar. An inner product extends to any vector space the main concepts
included in the dot product, which is defined on R”. These main concepts include the length
of a vector, the notioin of perpendicular vectors, and distance between vectors. When these
ideas are introduced in function vector spaces, they allow to define the notion of convergence
of an infinite sum of vectors. This, in turns, provides a way to evaluate the accuracy of
approximate solutions to differential equations.

6.1. DOT PRODUCT

6.1.1. Dot product in R?2. We review the definition of the dot product between vectors
in R?, and we describe its main properties, including the Cauchy-Schwarz inequality. We
then use the dot product to introduce the notion of length of a vector, distance and angle
between vectors, including the special case of perpendicular vectors. We then review that
all these notions can be generalized in a straightforward way from R? to F*, n > 1.

Definition 6.1.1. Given any vectors x, y € R? with components x = [il], y = Bl] in the
2 2
standard ordered basis S. The dot product on R? with is the function - :R? x R? — R,
Xy =1T1Yy1 + T2Y2.

The dot product norm of a vector x € R? is the value of the function || || : R? — R,
[Ix|| = v/x - x.

The norm distance between x, y € R? is the value of the function d : R? x R? — R,
d(x,y) =[x =yl

The dot product can be expressed using the transpose of a vector components in the
standard basis, as follows,

xy = [x1, x9] [Z;] = 21Y1 T T2Y2 =X Y.

The dot product norm and the norm distance can be expressed in term of vector components
in the standard ordered basis S as follows,

Xl = V(@) + (22)2, dlxy) = V(21— 51) + (22 — y2)2.

The geometrical meaning of the norm and distance is clear form this expression in com-
ponents, as is shown in Fig. @0l The norm of a vector is the Euclidean length from the
origin point to the head point of the vector, while the distance between two vectors in the
Euclidean distance between the head points of the two vectors.

It is important that we summarize the main properties of the dot product in R?, since
they are the main guide to construct the generalizations of the dot product to other vector
spaces.

Theorem 6.1.2. The dot product on R? satisfies, for every vector x, y, z € R? and every
scalar a, b € R, the following properties:

(a) x-y=y-x, (Symmetry);

(b) x-(ay +bz) =a(x-y)+b(x-z), (Linearity on the second argument);

(¢c) x-x=0, and x-x=0 iff x=0, (Positive definiteness).
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R R’ R*
X 2 2 2
X lyll'= (%) + (v.) x| =yl
y y
yZ
lyll Y,
Iyl
Xy Y, i

Fi1cURE 40. Example of the Euclidean notions of vector length and distance
between vectors in R2.

Proof of Theorem [6.1.2F These properties are simple to obtain from the definition of the
dot product.
Part (@): It is simple to see that

Xy =121Y1 + ToY2 = Y121 + Y2T2 =y - X.
Part (D)): It is also simple to see that
x- (ay + bz) = z1(ay1 + bz1) + x2(ays + bzs)
= a(z1y1 + x2y2) + b (2121 + T222)
=a(x-y)+b(x-z).
Part (@): This follows from
x-x = (21)% + (22)% > 0;
furthermore, in the case x - x = 0 we obtain that
(1) 4 (22)2 =0 & 1 =x5=0.

This establishes the Theorem. O

These simple properties are crucial to establish the following result, known as Cauchy-
Schwarz inequality for the dot product in R2. This inequality allows to express the dot
product of two vectors in R? in terms of the angle between the vectors.

Theorem 6.1.3 (Cauchy-Schwarz). The properties (@)-(@) in Theorem[6.1.2 imply that
for all x, y € R? holds

-y < Il -

Proof of Theorem [6.1.3t From the positive definiteness property we know that the
following inequality holds for all x, y € R? and for all a € R,

0 < flax =yl = (ax —y) - (ax —y).
The symmetry and the linearity on the second argument imply
0< (ax—y) - (ax—y) =a® [x|* = 2a (x-y) +[ly[*. (6.1)

Since the inequality above holds for all a € R, let us choose a particular value of a, the
solution of the equation

X-y

alx?=(x-y)=0 = a= e

Introduce this particular value of a into Eq. (G1I),
Xy
0< = () oo+ IV = by < IR IvIP,

This establishes the Theorem. O
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The Cauchy-Schwarz inequality implies that we can express the dot product of two vectors
in an alternative and more geometrical way, in terms of an angle related with the two vectors.
The Cauchy-Schwarz inequality says

1 XY o
[Ix[Hlyl
which suggests that the number (x-y)/(||x|| |ly||) can be expressed as a sine or a cosine of an
appropriate angle.

Theorem 6.1.4. The angle between vectors x, y € R? is the number 0 € [0, 7| given by

Xy
cos(f) = ——.
{1 {lyl
Proof of Theorem [6.1.4: It is not difficult to see that given any vectors x, y € R2, the
vectors x/||x|| and y/|ly|| have unit norm. Indeed,

‘ ‘2 (71)* | (22)? 1

= - - (21) + (22)°] = 1.
25 1o TE [+6 : ]
The same holds for the vector y/||y||. The expression
Xy X y
T = T T

shows that the number (x-y)/(||x|| |ly]]) is the inner product of two vectors in the unit circle,
as shown in Fig. {1

X

[l

FIGURE 41. The dot product of two vectors x, y € R? can be expressed in
terms of the angle 8 = 6; — 05 between the vectors.

Therefore, we know that

X [cos(@l)} y |:COS(92):|
I — [sin(61)]° Iyl — |sin(82)]
Their dot product is given by

X y . cos(62)
— - —— = |cos(f;), sin(f .

oy~ Lo sno] |G
Using the formula cos(6;) cos(2) + sin(;) sin(f2) = cos(6; — 62), and denoting the angle
between the vectors by 6 = 6; — 65, we conclude that

X'y
— = = cos(0).
vl — <

This establishes the Theorem. O

] = cos(6;) cos(b2) + sin(67) sin(hs).
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Recall the notion of perpendicular vectors.

Definition 6.1.5. The vectors x, y € R? are orthogonal, denoted as x Ly, iff the angle
0 € [0, 7] between the vectors is 0 = /2.

The notion of orthogonal vectors in Def. [6.1.5] can be expressed in terms of the dot
product, and it is equivalent to Pythagoras Theorem on right triangles.

Theorem 6.1.6. Let x, y € R? be non-zero vectors, then the following statement holds,

xLy & xy=0 & |x—yl*=[xI*+Iyl*

Proof of Theorem [6.1.6t The non-zero vectors x and y € R? are orthogonal iff § = 7/2,

which is equivalent to
Xy

Tyl —
The last part of the Proposition comes from the following calculation,

x-y=0.

Ix = yl? = (z1 = y1)* + (22 — 12)°
= (21)% + (#2)* + (11)* + (y2)° — 2(z1y1 + T212)
= |Ix|I> + llyll* = 2x - y.

Hence, x L y iff x -y = 0 iff Pythagoras Theorem holds for the triangle with sides given by
x, y and hypotenuse x —y. This establishes the Theorem. O

ExAMPLE 6.1.1: Find the length of the vectors x = B] and y = [ﬂ, the angle between
them, and then find a non-zero vector z orthogonal to x.

SOLUTION: We first find the length, that is, the norms of x and vy,

1

X[ =x-x=xTx= [1 2]7{2

[=144 = =5

3
ylI>=y-y=y"y=[3 1] {1}:94_1 = |yl = v10.

We now find the angle between x and vy,

oy Al

cos(f) = = = _ L
vl VEVIO T sv2 T V2

We now find z such that z L x, that is,

1 21 = —229 9
0= [21 22} =21+2z = = z= 29.
2 29 free variable 1

6.1.2. Dot product in F”. The notion of dot product reviewed above can be generalized
in a straightforward way from R? to F", n > 1, where F € {R,C}.

Definition 6.1.7. The dot product on the vector space F™, with n > 1, is the function
- F*" x F" — F given by

x-y=x"y,
where X, y denote components in the standard basis of F". The dot product norm of a
vector x € F™ is the value of the function || || : F* — R,

x| = V& x.
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The norm distance between x, y € F" is the value of the function d : F* x F™" — R,

d(x,y) =[x =yl
The vectors x, y € F™* are orthogonal, denoted as x Ly, iff holds x -y = 0.

Notice that we defined two vectors to be orthogonal by the condition that their dot
product vanishes. This is the appropriate generalization to F™ of the ideas we saw in R2.
The concept of angle is more difficult to study. In the case that F = C is not clear what the
angle between vectors mean. In the case F = R and n > 3 we have to define angle by the
number (x -y)/(||x|| [ly|]). This will be done after we prove the Cauchy-Schwarz inequality,
which then is used to show that the number (x-y)/(|[x|||lyl]) € [-1,1]. The formulas above
for the dot product, norm and distance can be expressed in terms of the vector components
in the standard basis as follows,

X-y=Z1y1 + -+ Tn¥Yn,
Il = Vl]z1 P+ + |2al?,
dx,y) = Vw1 — 1>+ F [zn — ynl?,

€ 1

where we used the standard notationx = | : |,y = | ! |, and |z;

|? = zx;, fori=1,---n.

Tn Yn

In the particular case that F = R all the vector components are real numbers, so x; = x;.

EXAMPLE 6.1.2: Find whether x is orthogonal to y and/or z, where

1 -5 4
|2 |4 ,_ |3
T3l YT |3 T 2
4 2 1

SOLUTION: We need to compute the dot products x -y and x - z. We obtain

o
xTy:[l 2 3 4] _Zé =—-5+8-94+8 = xy=2 = x/ty,
_2_
o
xTz:[l 2 3 4] 723 =—4-64+64+4 = x-z=0 = xlz
_1_
<
243 2i
EXAMPLE 6.1.3: Find x -y, where x = 1 and y = 1 .
1—14 1434
SOLUTION: The first product x -y is given by
2i
xX'y=1[2-3i —i 1+i 1| =(2—3i)(20) —i+ (1+4)(1 + 36),
14+ 3¢
sox-y=4i+6—i+1—3+i+ 37, that is, x -y =4+ Tu. <

The dot product satisfies the following properties.
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Theorem 6.1.8. The dot product on F™, with n > 1, satisfies for every vector x, y, z € F"
and every scalar a, b € F, the following properties:

(al) x-y=y-X, (Symmetry F =R);
(a2) x-y =V-X, (Conjugate symmetry, for F =C);
(b) x-(ay+bz) =a(x-y)+b(x-z), (Linearity on the second argument);
(¢c) x-x>=0, and x-x=0 iff x=0, (Positive definiteness).
Proof of Theorem [6.1.8t Use the expression of the dot product in terms of the vector
components. The property in (all) can be established as follows,
Xy =TY1+ -+ Tpln = Y121 + -+ YnZn =Yy - X
The property in (@2l can be established as follows,

Xy =Tyt Toyn = (G121 + -+ Ypn) =YX
The property in () is shown in a similar way,
x-(ay +bz) =x"(ay+bz) =ax*y+bx*z=a(z-y)+b(z- 2).
The property in (@) follows from
xox=x"x =z |* + o o] > 0;
furthermore, in the case that x - x = 0 we obtain that
|x1|2+~-~—|—|xn|2:0 &S = =z,=0 & x=0.

This establishes the Theorem. ]
The positive definiteness property (@) above shows that the dot product norm is indeed a
real-valued and not a complex-valued function, since x-x > 0 implies that [|x|| = v/x-x € R.
In the case of F = R, the symmetry property and the linearity in the second argument
property imply that the dot product on R™ is also linear in the first argument. This is a
reason to call the dot product on R™ a bilinear form. Finally, notice that in the case F = C,
the conjugate symmetry property and the linearity in the second argument imply that the
dot product on C™ is conjugate linear on the first argument. The proof is the following:

(ay +bz) -x=x-(ay +bz) =a(x-y) +b(x-z) =a(x-y) +b(x-z),
that is, for all x, y, z€ C" and all a, b € C holds
(ay +bz) -x=a(y-x) +b(z-x).

Hence we say that the dot product on C™ is conjugate linear in the first argument.

ExaMpLE 6.1.4: Compute the dot product of x = [2;_3;} with y = [Bﬂ .

SOLUTION: This is a straightforward computation

31

x-y=x'y=1[2-3i —6i—9] [2

]:62'—1—9—122'—18 = x-y=-9-—0i.

Notice that x = (2 4 3i)x, with x = BZ] , so we could use the conjugate linearity in the first

argument to compute

x-y=((2+3i)x) -y=(2-3i) (x-y) =(2-3i) [1 —3i] F’;] = (2 — 3i)(3i — 61),
and we obtain the same result, x -y = —9 — 6i. Finally, notice that y - x = —9 4 6. <

An important result is that the dot product in F™ satisfies the Cauchy-Schwarz inequality.
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Theorem 6.1.9 (Cauchy-Schwarz). The properties (adl)- (@) in Theorem[G1.8 imply that
for all x, y € F™ holds

-yl < IIx[HIyll-
REMARK: The proof of the Cauchy-Schwarz inequality only uses the three properties of the
dot product presented in Theorem [6.1.8 Any other function f : F" x F"* — F having these
three properties also satisfies the Cauchy-Schwarz inequality.
Proof of Theorem [6.1.9: From the positive definiteness property we know that the
following inequality holds for all x, y € F™ and for all a € T,
0 < flax —y[* = (ax —y) - (ax —y).
The symmetry and the linearity on the second argument imply
0< (ax—y)-(ax—y) =aa|x|* —a(x-y) —aly-x) + yl* (6.2)
Since the inequality above holds for all a € F, let us choose a particular value of a, the
solution of the equation
X .
a@|x2-a(x-y)=0 = a= ||7|T2
X
Introduce this particular value of a into Eq. (62)),
Xy
0< (T D+ IV = eyl < Iyl

This establishes the Theorem. O

In the case F = R, the Cauchy-Schwarz inequality in R™ implies that the number
x-y)/(IxI Iyl € [-1,1], which is a necessary and sufficient condition for the following
definition of angle between two vectors in R".

Definition 6.1.10. The angle between vectors x, y € R™ is the number 6 € [0, 7] given by
Xy
cos(f) = ———.
X[ iyl
The dot product norm function in Definition [G.1.7] satisfies the following properties.

Theorem 6.1.11. The dot product norm function on F", with n > 1, satisfies for every
vector x, y € F™ and every scalar a € F the following properties:

(a) |Ix]| = 0, and ||x|]| =0 iff x =0, (Positive definiteness);

(b) llax|| = la [[x[|, (Scaling);

(c) lIx+yll < IxI+ vl (Triangle inequality).

Proof of Theorem Properties (@) and (b)) are straightforward to show from the
definition of dot product, and their proof is left as an exercise. We show here how to

obtain the triangle inequality, property (@). The proof uses the Cauchy-Schwarz inequality
presented in Theorem Given any vectors x, y € F” holds
Ix+y[I* = (x+y) - (x+)
=[x+ (xy) + (v ) + [lyl1?
<X + 2 byl + [yl
< X2 + 2 [l vl + Iy = (il + iyl

We conclude that [jx + y||* < (||x|| + ||yH)2 This establishes the Theorem. O
A vector v € F™ is called normal or unit vector iff ||v|| = 1. Examples of unit vectors are
the standard basis vectors. Unit vectors parallel to a given vector are simple to find.
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\Y

Theorem 6.1.12. Ifv € F" is non-zero, then W s a unit vector parallel to v.
v
Proof of Theorem [6.1.12F Notice that u = ﬁ is parallel to v, and it is straightforward
v
to check that u is a unit vector, since
v 1
ull = || || = o IVl =1
v vl
This establishes the Theorem. O
1

ExaMpPLE 6.1.5: Find a unit vector parallel to x = |2].

w

SOLUTION: First compute the norm of x,

x| = VI+4+9= Vi,
1
therefore u = —— |2 is a unit vector parallel to v. <

Vi |
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6.1.3. Exercises.

6.1.1.- Consider the vector space R* with
standard basis S and dot product. Find
the norm of u and v, their distance and
the angle between them, where

2 1
u—= 1 vV = -1
—41” 1
—2 -1

6.1.2.- Use the dot product on R? to find
two unit vectors orthogonal to

|3
x= 1]
6.1.3.- Use the dot product on C? to find a
unit vector parallel to

(1426
X = 92_ .
6.1.4.- Consider the vector space R? with
the dot product.
(a) Give an example of a linearly inde-
pendent set {x,y} with x [ y.
(b) Give an example of a linearly de-
pendent set {x,y} with x L y.

6.1.5.- Consider the vector space F" with
the dot product, and let Re denote the
real part of a complex number. Show
that for all x, y € F" holds

Ix = yII* = IxlI* + [lylI* — 2Re(x - y).

6.1.6.- Use the result in Exercise 6.1[5]
above to prove the following generaliza-
tions of the Pythagoras Theorem to F™
with the dot product.

(a) For x, y € R™ holds
xLy & xyll® =[x+ vl
(b) For x, y € C™ holds

xLy =[xt yll* = lxI” + Iyl

6.1.7.- Prove that the parallelogram law
holds for the dot product norm in F",
that is, show that for all x, y € F™ holds

x4y + lIx = ylI* = 2[IxII* + 2[ly]|*.
This law states that the sum of the
squares of the lengths of the four sides
of a parallelogram formed by x and y
equals the sum of the square of the
lengths of the two diagonals.
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6.2. INNER PRODUCT

6.2.1. Inner product. An inner product on a vector space is a generalization of the dot
product on R™ or C" introduced in Sect. The inner product is not defined with a
particular formula, or requiring a particular basis in the vector space. Instead, the inner
product is defined by a list of properties that must satisfy. We did something similar when
we introduced the concept of a vector space. In that case we defined a vector space as a set
of any kind of elements where linear combinations are possible, instead of defining the set
by explicitly giving its elements.

Definition 6.2.1. Let V be a vector space over the scalar field F € {R,C}. A function
(,): VXV —TF is called an inner product iff for every x, y, z€ V and every a, b € F
the function () satisfies:

(al) (z,y) = (y, @), (Symmetry, for F =R);
(a2) {(x,y) = (y, x), (Conjugate symmetry, for F =C);

(b) {x, (ay+b2)) = al{x,y) + b{x, 2), (Linearity on the second argument);
(c) {(x,x) >0, and (z,z) =0 iff €= 0, (Positive definiteness).

An inner product space is a pair (V7 (, >) of a vector space with an inner product.

Different inner products can be defined on a given vector space. The dot product is an
inner product in F”. A different inner product can be defined in F™, as can be seen in the
following example.

ExXAMPLE 6.2.1: We show that R™ can have different inner products.

(a) The dot product on R™ is an inner product, since the expression

U1

(x,y) = XSTYS = [371 T xn] =T1Y1 + -+ TpYn, (6.3)

S
Yn] .

satisfies all the properties in Definition [6.2.1] with S the standard ordered basis in R™.
(b) A different inner product in R™ can be introduced by a formula similar to the one in
Eq. ([63) by choosing a different ordered basis. If U is any ordered basis of R™, then

(xy) = XZYW
defines an inner product on R™. The inner product defined using the basis U is not equal
to the inner product defined using the standard basis S. Let P = |, be the change of

basis matrix, then we know that x,, = P~'x,. The inner product above can be expressed
in terms of the S basis as follows,

T (o
<X7y> = XZMySa M = (P 1) (P 1)7
and in general, M # I,. Therefore, the inner product above is not equal to the dot
product. Also, see Example [6.2.2]
<

EXAMPLE 6.2.2: Let S be the standard ordered basis in R?, and introduce the ordered basis
U as the following rescaling of S,

1 1
U= (u =—-e,u = —-e).
( 1= e =g 2)
Express the inner product (x,y) = xly,, in terms of x; and y,. Is this inner product the

same as the dot product?
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SoLUTION: The definition of the inner product says that (x,y) = x%y,. Introducing the

notation x, = El} and y, = [gl} , we obtain the usual expression (x,y) = Z191 + Z2Jo.
2 2

u u
The components x,, and xs are related by the change of basis formula

o —1 - o 1/2 O -1 _ 2 O o —_I\T
Xu*P Xss Plus|:0 1/3 = P - 0 3 7(P )
us su

Therefore,

_ _ 4 0
Gy =xayu =xE (P P lys = [, ], [0 9Lu Bﬂ

where we used the standard notation x, = [il] and ys = Bl} . We conclude that
2] 2

S
12
y) =x (P™)7ys & (xy) =4z1y + 922y
The inner product (x,y) = x.y,, is different from the dot product x -y = xZy,. <

EXAMPLE 6.2.3: Determine whether the function (,) : R3 x R® — R below is an inner
product in R3, where

(X, ¥) = z1y1 + T2y2 + x3y3 + 3T1y2 + 3Ty

SoLUTION: The function (,) seems to be symmetric and linear. It is not so clear whether
this function is positive, because of the presence of crossed terms. So, before spending time
to prove the symmetry and linearity properties, we first concentrate on the property that
might fail, positivity. If positivity fails, we don’t need to prove the remaining properties.
The crossed terms 3(x1y2 + 22y1) in the definition of the inner product suggest that the
product is not positive, since the factor 3 makes them too important compared with the
other terms. Let us try to find an example, that is a vector x # 0 such that (x,x) < 0. Let
us try with

1
x=|-1| = (xx)=12+(=1)?+0*+3[(1)(-1) + (-1)(1)]=2—6= —4.
0
Since (x,x) = —4, the function (,) is not positive, hence it is not an inner product. N

EXAMPLE 6.2.4: Consider the vector space F™" of all m x n matrices. Show that an inner
product on that space is the function (, )y : ™" x F™" — F

(A,B)r = tr (A*B).
The inner product is called Frobenius inner product.

SOLUTION: We show that the Frobenius function (,)r above satisfies the three properties
in Def. 6211 We use the component notation A = [A4;;], B = [By], with 4,k = 1,--- ,m
and j,l=1,---,n, so

(A*B)jl = Z(ZT)jiBil = ZzijBil = <A B F = Z ZAUBU
i=1 i=1 j=1 i=1

The first property is satisfied, since

n

(A A p =tr (A*A) =Y )| Ayl* =

j=1i=1
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and (A, A)r = 0 iff A;; = 0 for every indices ¢, j, which is equivalently to A = 0. The second
property is satisfied, since

(AB)r=>_ > A;B; = '

j=1i=1 j

B;;Ai; = (B,A)
—1i=1

P
114

The same proof can be expressed in index-free notation using the properties of the trace,

tr (A*B)) =tr (A" B) = tr [(A" B)”] = tr (BT A) = tr (B* A),

that is, (A,B)r = (B,A),. The third property comes from the distributive property of the
matrix product, that is,

(A, (aB+bC))r = tr (A* (aB +bC)) = atr (A*B) +btr (A*C) = a(A,B)r +b(A,C)p.

This establishes that (, ) is an inner product. <

EXAMPLE 6.2.5: Compute the Frobenius inner product (A, B)r where

/1 2 3 13 21 2.3
A[2 4 1]’ 8[2 1 2]€R ‘

SOLUTION: Since the matrices have real coefficients, the Frobenius inner product has the
form (A,B)r = tr (ATB). So, we need to compute the diagonal elements in the product

7

3 2 1 o
* % b

12
ATB24{
3 1] 212

<

EXAMPLE 6.2.6: Consider the vector space P, ([—1, 1]) of polynomials with real coefficients
having degree less or equal n > 1 and being defined on the interval [—1,1]. Show that an
inner product in this space is the following:

1

.= [ pa)ds. p.ge P,
-1

SOLUTION: We need to verify the three properties in the Definition [6.2Z.11 The positive

definiteness property is satisfied, since

() = / [p()] dz > 0,

-1
and in the case (p, p) = 0 this implies that the integrand must vanish, that is, [p(z)]? = 0,
which is equivalent to p = 0. The symmetry property is satisfied, since p(x)q(z) = g(z)p(z),
which implies that (p, g) = (g, p). The linearity property on the second argument is also
satisfied, since

1

(p, (ag+br)) = / p(z)[a q(z) + br(z)] dx

—1

—q [ 11 p(x)a(z) dz + b [ 11 p(z)r(z) dz

=a(p,q +b(p,7).

This establishes that (,) is an inner product. <
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EXAMPLE 6.2.7: Consider the vector space C*([a,b],R), with k > 0 and a < b, of k-times
continuously differentiable real-valued functions f : [a,b] — R. An inner product in this
vector space is given by

b
<fvg>:/ f(x)g(x)dz.

Any positive function p € C°([a,b], R) determines an inner product in C*([a, b], R) as follows

b
(. g) = / () f(2)9() da.

The function g is called a weigh function. An inner product in the vector space C*([a, b], C)
of k-times continuously differentiable complex-valued functions f : [a,b] C R — C is the
following,

b
(f.0) = / F)o(x) dr.

An inner product satisfies the following inequality.

Theorem 6.2.2 (Cauchy-Schwarz). If (V,(,)) is an inner product space over F, then
for every x, y € V holds

(z, 9)* < (z,2) (3. y).
Furthermore, equality holds iff y = ax, with a = (x, y)/{x, ).
Proof of Theorem From the positive definiteness property we know that for every
x, y € V and every scalar a € F holds 0 < ((ax — y), (az — y)). The symmetry and the
linearity on the second argument imply
0< ((az—y), (ax—y)) = ad(z,x) —a(z,y) —a(y z) + (y,9). (6.4)
Since the inequality above holds for all a € F, let us choose a particular value of a, the

solution of the equation

_ _ _ _ (=)
aa({x,x) —a({r,y =0 = afw.

Introduce this particular value of a into Eq. (6.4)),

0< —(Zz Zi)«cm vy = =yl <(z2(yy.

Finally, notice that equality holds iff ax = y, and in this case, computing the inner product
with @ we obtain a(x, ) = (x, y). This establishes the Theorem. O

6.2.2. Inner product norm. The inner product on a vector space determines a particular
notion of length, or norm, of a vector, and we call it the inner product norm. After we
introduce this norm we show its main properties. In Chapter [§] later on we use these
properties to define a more general notion of norm as any function on the vector space
satisfying these properties. The inner product norm is just a particular case of this broader
notion of length. A normed space is a vector space with any norm.

Definition 6.2.3. The inner product norm determined in an inner product space (V, (, ))
is the function || || : V — R given by

2 = /(= z).
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The Cauchy-Schwarz inequality is often expressed using the inner product norm as follows:
For every =, y € V holds

(2, 9l < ll=]| [yl
A vector ¢ € V is a normal or unit vector iff ||| = 1.

Theorem 6.2.4. If v# 0 belongs to (V, (, >), then ﬁ 18 a unit vector parallel to v.
v

The proof is the same of Theorem [6.1.12]

ExXAMPLE 6.2.8: Consider the inner product space (Fm’”, (, >F), where F™™ is the vector
space of all m xn matrices and (, ) is the Frobenius inner product defined in Example [6.27]
The associated inner product norm is called the Frobenius norm and is given by

[Allr = VAR = \/ir (AA).
IfA:[AZJ]ﬂWIch:17 7mandj:17"‘ ,n, then
m n 1/2
[Allr = (ZZ |Aij|2) .
i=1 j=1

<

EXAMPLE 6.2.9: Find an explicit expression for the Frobenius norm of any element A € F22.

A A
Ay Ago

Ann An [Ann Ag
AllZ = tr( — — )
M =, o) A As
Since we are only interested in the diagonal elements of the matrix product in the equation
above, we obtain

SOLUTION: The Frobenius norm of an arbitrary matrix A = [ ] € F22 is given by

A |2 =+ |A21|2 *
Al% = tr An
R N
which gives the formula
A% = [A11]? + [A12]® + [An [* + | A .
2 2 12
This is the explicit expression of the sum ||Al| = (Z Z |Aij|2) . <

i=1j=1
The inner product norm function has the following properties.

Theorem 6.2.5. The inner product norm introduced in Definition satisfies that for
every ¢, y € V and every a € F holds,

(a) ||zl = 0, and |2/ = 0 iff £ =0, (Positive definiteness);

(b) llaz| = |af ||, (Scaling);

(c) [lz+ yl| < ||zl + [yl (Triangle inequality).

Proof of Theorem [6.2.5 Properties @) and (b)) are straightforward to show from the
definition of inner product, and their proof is left as an exercise. We show here how to
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obtain the triangle inequality, property (@). Given any vectors @, y € V holds
lz+yl* = {(z+y), (z+y))
= |2 + (z,9) + (y.2) + ||yl
< lalf® + 2 (=, 9| + (|9l
<l + 2 il 1yl + lyl* = (2] + yl)

where the last inequality comes from the Cauchy-Schwarz inequality. We then conclude that
2+ ll* < (=] + ||y||)2 This establishes the Theorem. O

2
’

6.2.3. Norm distance. The norm on an inner product space determines a particular notion
of distance between vectors. After we introduce this norm we show its main properties.

Definition 6.2.6. The norm distance between two vectors in a vector space V with a
norm function || || : V' — R is the value of the function d : V x V — R given by

d(z,y) = ||z — yl|.

Theorem 6.2.7. The norm distance in Definition[6.2.0 satisfies for every x, y, z€ V that
(a) d(z,y) 20, and d(x,y) = 0 iff € =y, (Positive definiteness);

(b) d(z,y) = d(y, x), (Symmetry);
(c) d(z,y) < d(x, 2) + d(z,y), (Triangle inequality).

Proof of Theorem Properties (@) and (b)) are straightforward from properties (@)
and (b)), and their proof are left as an exercise. We show how the triangle inequality for the
distance comes from the triangle inequality for the norm. Indeed
dz,y) = llz—yl = (x—2) - (y— 2)| <z — 2| + [ly— 2| = d(=, 2) + d(2 ),
where we used the symmetry of the distance function on the last term above. This establishes
the Theorem. O
The presence of an inner product, and hence a norm and a distance, on a vector space

permits to introduce the notion of convergence of an infinite sequence of vectors. We say
that the sequence {®,}72 C V converges to x € V iff

lim d(z,,x) = 0.

n—oo
Some of the most important concepts related to convergence are closeness of a subspace,
completeness of the vector space, and the continuity of linear operators and linear trans-
formations. In the case of finite dimensional vector spaces the situation is straightforward.
All subspaces are closed, all inner product spaces are complete and all linear operators and
linear transformations are continuous. However, in the case of infinite dimensional vector
spaces, things are not so simple.
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6.2.4. Exercises.

6.2.1.- Determine which of the following
functions (,) : R® x R®* — R defines
an inner product on R3. Justify your
answers.

(a) (x,y) =z1y1 + T3Ys;

(b) (x,y) = 2131 — T2y2 + T3Y3;

(¢) (x,y) =2z1Y1 + T2y2 + 4T3Y3;

(d) (xy) =2tyi +a3ys + 2343

‘We used the standard notation

T Y1
X=|T2|, Y= |¥2
z3 Y3

6.2.2.- Prove that an inner product func-
tion (,) : V x V — F satisfies the fol-
lowing properties:

(a) (x,y)=0forall z€ V, then y = 0.
(b) (az,y) =a(x,y) forall z, ye V.

6.2.3.- Given a matrix M € R*? introduce
the function (,)as : R? x R? — R,
(y,x)m =y Mx.

For each of the matrices M below de-
termine whether () defines an inner
product or not. Justify your answers.

(@M:ﬁ %

6.2.4.- Fix any A € R™" with N(A) = {0}
and introduce M = ATA. Prove that
(,)m : R® x R™ — R, given by

(y,x) =y"Mx.
is an inner product in R™.
6.2.5.- Find k € R such that the matrices

A, B € R?? are perpendicular in the
Frobenius inner product,

v el

6.2.6.- Evaluate the Frobenius norm for the
matrices

01 0
A:[jl _22} B=|0 0 1
1 00

6.2.7.- Prove that [|A||r = ||A*||r for all
AeFm™™,

6.2.8.- Consider the vector space P2(]0, 1])
with inner product

1
p.a) = [ pla)ata) do
0
Find a unit vector parallel to

p(z) = 3 — 5z°.
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6.3. ORTHOGONAL VECTORS

6.3.1. Definition and examples. In the previous Section we introduced the notion of inner
product in a vector space. This structure provides a notion of vector norm and distance
between vectors. In this Section we explore another concept provided by an inner product;
the notion of perpendicular vectors and the notion of angle between vectors in a real vector
space. We start defining perpendicular vectors on any inner product space.

Definition 6.3.1. Two vectors x, y in and inner product space (V, (, >) are orthogonal or
perpendicular, denoted as © L y, iff holds (x, y) = 0.

The Pythagoras Theorem holds on any inner product space.

Theorem 6.3.2. Let (V, {, >) be an inner product space over the field F.
(a) IfF=R, thenz Ly < |z—yl* =zl + ]|yl
() fF=C, thenz Ly = |z—yl*>=]=|*+][y|*

Proof of Theorem Both statements derive from the following equation:
lz—yI* = (- y), (z—y))
= <$7 213) + <y7 y> - <:B7 y> - <y7 9:>

= lll* + l|lyll* — 2Re((z, ). (6.5)
In the case F = R holds Re((cz:7 y)) = (x, y), so Part (@) follows. If F = C, then (z, y) implies
llx—yl? = [|x/|> +|ly||?, so Part (B) follows. (Notice that the converse statement is not true
in the case F = C, since Eq. (G.5) together with the hypothesis ||x — y|? = [|x||? + |ly]|* do
not fix Im((w, y)).) This establishes the Theorem. O

In the case of real vector space the Cauchy-Schwarz inequality stated in Theorem [6.2.2]
allows us to define the angle between vectors.

Definition 6.3.3. The angle between two vectors x, y in a real vector inner product space
(V,(,)) is the number 6 € [0, ] solution of

_ (zy)
05O = Tl Tl

ExAMPLE 6.3.1: Consider the inner product space (R??,(,)r) and show that the following

matrices are orthogonal,
1 3 -5 2
SR L

SOLUTION: Since we need to compute the Frobenius inner product (A, B) -, we first compute
the matrix
e |1 —-1] -5 2| [-10 1
AB= {3 4 5 1| | 5 10|°
Therefore (A, B)r = tr (ATB) = 0, so we conclude that A L B. <
EXAMPLE 6.3.2: Consider the vector space V = C* ([76, 4, R) with the inner product

¢
(f.9)= /_[f(w)g(x) dz.

Consider the functions w,(z) = cos (252) and v, (x) = sin (™F%), where n, m are integers.

(a) Show that u, L v, for all n, m.
(b) Show that w, L wu,, for all n # m.
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(¢) Show that v, L v, for all n # m.

SOLUTION: Recall the identities

sin(f) cos(¢) = % [sin(f — ¢) + sin(0 + ¢)], (6.6)
cos(f) cos(¢) = % [cos(8 — ¢) + cos(6 + ¢)], (6.7)
sin(f) sin(¢) = % [cos(f — ¢) — cos(0 + ¢)]. (6.8)

Part (a): Using identity in Eq. ([6.0) is simple to show that
¢
(Un, Um) :/ cos(w) sin(m) dz
e 14 14

¢ n—m)mx n—+—m)nrxr
%/J [sin(%) +sin(%)] (6.9)

First, assume that both n — m and n + m are non-zero,

(tn; vrm) :_% (n —ém)w COS((”*;”)”ZE)’: (n+m)m COS((H+?)Wx>’Z_e]' (6.10)

Since cos((n + m)m) = cos(—(n £ m)m), we conclude that both terms above vanish.

Second, in the case that n —m = 0 the first term in Eq. (69]) vanishes identically and
we need to compute the term with (n + m), which also vanishes by the second term in
Eq. (6I0). Analogously, in the case of (n +m) = 0 the second term in Eq. (€3] vanishes
identically and we need to compute the term with (n —m) which also vanishes by the first
term in Eq. (6I0). Therefore, {(u,, v,,) = 0 for all n, m integers, and so u, L v, in this
case.

Part (b): Using identity in Eq. (60) is simple to show that

(Un,, U = /_2 cos(?) cos(m;m) dz

¢ n—m)mx n-r—m)mnx
N R e | R

We know that n — m is non-zero. Now, assume that n 4+ m is non-zero, then

(thn, Um) = %{(n —gm)ﬂ Sin((n _ljn)mE)‘ze—F(n +€m)7r Sin<(n+2n)7m>‘ie]
I 14

= m sin((n — m)ﬂ') + m

sin((n 4+ m)m). (6.12)

Since sin((n £ m)7) = 0 for (n & m) integer, we conclude that both terms above vanish.
In the case of (n +m) = 0 the second term in Eq. (6II)) vanishes identically and we
need to compute the term with (n — m) which also vanishes by the first term in Eq. (G12)).
Therefore, (u,, u,) = 0 for all n # m integers, and so u,, L u,, in this case.
Part (c¢): Using identity in Eq. (6.8)) is simple to show that

(Uny O) = /Z sin(%) sin(?) dz
-t

- % /Z [“ﬂ%) - COS(W)] (6.13)
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Since the only difference between Eq. (6I3) and (6.11) is the sign of the second term,
repeating the argument done in case (b) we conclude that (v,,vn,) = 0 for all n # m
integers, and so v,, L v,, in this case. <

6.3.2. Orthonormal basis. We saw that an important property of a basis is that every
vector in a vector space can be decomposed in a unique way in terms of the basis vectors.
This decomposition is particularly simple to find in an inner product space when the basis
is an orthonormal basis. Before we introduce such basis we define an orthonormal set.

Definition 6.3.4. The set U = {w1,--- ,up}, p > 1, in an inner product space (V, <,>) is
called an orthonormal set iff for alli,5 =1,--- ,p holds

0 if i#7],
(s, wj) = {1 if i=j.
The set U is called an orthogonal set iff holds that (u;, ;) =0 if i # j and (u;, u;) # 0.
ExXAMPLE 6.3.3: Consider the vector space V = C* ([76, 4, R) with the inner product

(f.9) = /_Z.f(x)g(x) dx.

Show that the set
1 1

Y

nwx 1 . mmx\>®
cos (7), U () = 7 sin (T)}n:1
is an orthonormal set.

SOLUTION: We have shown in Example [6.3.2] that U is an orthogonal set. We only need
to compute the norm of the vectors ugy, w, and vy, for n = 1,2,---. The norm of the first
vector is simple to compute,

t
<uf>,u@>:/_£27dx=1~

The norm of the cosine functions is computed as follows,

1 e
(Un, Up) = Z/ 0052(72%:6) dx
—e
¢
= 2i€ , [1 +cos(2mm)} dx

£ 1. 2nmx,|f
:1—}—%[311&( 7 )‘_J = (up,u,) =1

A similar calculation for the sine functions gives the result

1 [f . nmwT
<vn7vn> = Z/;Z Sln2<7) dx

1 [t 2nmx
:27/—13[1_608( 7 )}dw

12 2nmx ., |¢
:1_7[ ‘ :| = ns 'n:1
2nm sm( L ) —¢ (vn, vn)
Therefore, U is an orthonormal set. <

A straightforward result is the following:

Theorem 6.3.5. An orthogonal set in an inner product space is linearly independent.
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Proof of Theorem [6.3.5k Let U = {w1,---,u,}, p > 1, be an orthogonal set. The zero
vector is not included since (u;, w;) # 0 for all ¢ = 1,--- ,p. Let ¢1,--- ,¢, € F be scalars
such that

ciug + -+ cpu, = 0.
Then, for any u; € U holds
0= (ug, (crug + -+ + cpup) = c1(wy, wg) + -+ - + (U, up).
Since the set U is orthogonal, (u;, ;) = 0 for ¢ # j and (u;, u;) # 0, so we conclude that
ci{uj,w) =0 = ¢ =0, i=1,---,p.
Therefore, U is a linearly independent set. This establishes the Thorem. O

Definition 6.3.6. A basis U of an inner product space is called an orthonormal basis
(orthogonal basis) iff the basis U is an orthonormal (orthogonal) set.

EXAMPLE 6.3.4: Consider the inner product space(R?, ). Determine whether the following
bases are orthonormal, orthogonal or neither:

N O RS U 1

SOLUTION: The basis S is orthonormal, since e; - e =0 and e; - ey = ey - eo = 1. The basis
U is orthogonal since u; - uy = 0, but it is not orthonormal. Finally, the basis V is neither

orthonormal nor orthogonal. <
Theorem 6.3.7. Given the set U = {u1,--- ,up}, p > 1, in the inner product space (]F”, -),
introduce the matriz U = [uy,--- ,up]. Then the following statements hold:

(a) U is an orthonormal set iff matriz U satisfies U*U = |,,.
(b) U is an orthonormal basis of F™ iff matriz U satisfies U~ = U*.

Matrices satisfying the property mentioned in part (b)) of Theorem 3.7 appear frequently
in Quantum Mechanics, so they are given a name.

Definition 6.3.8. A matriz U € F™" is called unitary iff holds U~! = U*.

These matrices are called unitary because they do not change the norm of vectors in F™
equipped with the dot product. Indeed, given any x € F" with norm ||x||, the vector Ux € F"
has the same norm, since

|Ux||? = (Ux)*(Ux) = x*U*Ux = x*U™'Ux = x*x = ||x||°.

Proof of Theorem [6.3.7t
Part (a): This is proved by a straightforward computation,

uj ujur - ujup Up-Up -+ Up-Up
UrU= 1) fun ) = | L= L=
uy, upurp e Ul Up-Up  =+-  Up- Uy
Part (b): Tt follows from part (a): If U is a basis of F™, then p = n; since U is an
orthonormal set, part (a) implies U*U = |,. Since U is an n x n matrix, it follows that
U* = U~L. This establishes the Theorem. |
1 2
EXAMPLE 6.3.5: Consider vi = |1|, vz = | 0 [, in the inner product space (R3,-).
2 -1

(a) Show that vi L vg;
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(b) Find x € R3 such that x L v; and x L vs.

(c) Rescale the elements of {v1,va,x} so that the new set is an orthonormal set.

SOLUTION:
Part (a):
2
11 20 0[=240-2=0 = viLw.
-1
T
Part (b): We need to find x = | x| such that
T3
X1 T
v1~x:[1 1 2] zo| =0, vz'x:[Q 0 —1] To
T3 3
The equations above can be written in matrix notation as
1 2
ATx =0, where A=[vi,vo] =1 0
2 -1
Gauss elimination operation on AT imply
1
Tl = § Zs3,
1L1o2] 1o -2 5
2 0 -1 0 1 5/2 T2 = —5 T3,
3 free.

There is a solution for any choice of x3 # 0, so we choose x3 = 2, that is, x =

1
—5].
2

Part (¢): The vectors vy, vo and x are mutually orthogonal. Their norms are:

vill =6, vall =5, x| = v30.
Therefore, the orthonormal set is
{ 1 1 1 (2) 1 15 }
up = — ,Up = — u3 = — | — :
1 NG ) 2 NG 3 /30 ,
Finally, notice that the inverse of the matrix
1 2 1 1 1 2
V6 V5 V30 /6 V6 V6
U=|x O s s U= & 0 -
2 1 2 w5 ¥
V6 5 V30 V30 V30 V30

=Uu".

<

6.3.3. Vector components. Given a basis in a finite dimensional vector space, we know
that every vector in the vector space can be decomposed in a unique way as a linear com-
bination of the basis vectors. What we do not know is a general formula to compute the
vector components in such a basis. However, in the particular case that the vector space
admits an inner product and the basis is an orthonormal basis, we have such formula for
the vector components. The formula is very simple and is the main result in the following

statement.
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Theorem 6.3.9. If (V, {, )) is an n-dimensional inner product space with an orthonormal
basis U = {uy,--- ,un}, then every vector € € V can be decomposed as

= (up, @) Uy + -+ (U, T) Up. (6.14)
Proof of Theorem [6.3.9 Since U is a basis, we know that for all x € V there exist scalars
c1,-++ ,Cp such that
T=cruy + -+ CpUy.
Therefore, the inner product (u;, ) for any ¢ = 1,--- ,n is given by
(ui, @) = c1 (s, 1) + -+ + e (i, un).
Since U is an orthonormal set, (u;, ) = ¢;. This establishes the Theorem. O
The result in Theorem [6.3.9] provides a remarkable simple formula for vector components
in an orthonormal basis. We will get back to this subject in some depth in Section [Tl
In that Section we will name the coefficients (u;, ) in Eq. (6I4) as Fourier coefficients of
the vector x in the orthonormal set & = {uy, -, u,}. When the set U/ is an orthonormal
ordered basis of a vector space V, the coordinate map [ |, : V — F™ is expressed in terms
of the Fourier coefficients as follows,
<u17 :B>
[x], = :
(t, )
So, the coordinate map has a simple expression when it is defined by an orthonormal basis.

ExXAMPLE 6.3.6: Consider the inner product space (]R3, ) with the standard ordered basis

1
S, and find the vector components of x = |2| in the orthonormal ordered basis
3
U= (u _ } ug = L g _ 1 1 )
1 \/6 5 » U2 \/g 1 s U3 \/% 5

SOLUTION: The vector components of x in the orthonormal basis U are given by

9

<u1,x> 716

Xy = | {u2,X) = u=|"%
3
(uz,x) ~ /30

REMARK: We have done a change of basis, from the standard basis S to the U basis. In
fact, we can express the calculation above as follows

1 2 1
@ V5 V30
Xy = P71x,, where P =1, = 7 0 —\/% =U
2 1 )
V6o VB VB0
Since I/ is an orthonormal basis, U=! = U7, so we conclude that
1 1 2 9
/6 V6 V6 1 V6
xu = UTxs = % 0 -2 |2] = _%
oo 5
V30 V30 V30 V30
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.4. Exercises.

6.3.1.- Prove that the following form of the
Pythagoras Theorem holds on complex
vector spaces: Two vectors x, y in an
inner product space (V, (, )) over C are
orthogonal iff for all a, b € C holds

llaz+ byl* = [laz]|® + [|by]*.
6.3.2.- Consider the vector space R® with

the dot product. Find all vectors x € R3
which are orthogonal to the vector

1
v= |2
3

6.3.3.- Consider the vector space R® with
the dot product. Find all vectors x € R?
which are orthogonal to the vectors

1 1
Vi = 2,V2: O
3 1

6.3.4.- Let P3([—1,1]) be the space of poly-
nomials up to degree three defined on
the interval [—1,1] C R with the inner
product

1
v.9) = [ pl)gta) do.
-1
Show that the set (py, Py, Py, P3) is an
orthogonal basis of Pz, where

Py (.’E) =1,

P (m) =7,

pae) = 5 (32 1),

1
ps(x) = 5(5IE3 — 3z).
(These polynomials are the first four of

the Legendre polynomials.)

6.3.5.- Consider the vector space R* with
the dot product.

(a) Show that the following ordered ba-
sis U is orthonormal,

(L_lliiij)
V2| g VB | VB | o/

(b) Use part (@) to find the components
in the ordered basis U of the vector

-2

6.3.6.- Consider the vector space R?? with
the Frobenius inner product.

(a) Show that the ordered basis given
by U = (E1, Ez, Es, E4) is orthonor-
mal, where

E,— L0 L gLl 0
T2l o) TP a0 -1

11 -1 171 1
E3*§L 1] E‘*’i{—l 1}'

(b) Use part (@) to find the components
in the ordered basis U of the matrix

1 1
[t
6.3.7.- Consider the inner product space

(RQ’Q, (,)F), and find the cosine of the
angle between the matrices

ot Je-f ]

6.3.8.- Find the third column in matrix U
below such that UT = U~!, where

1/vV/3  1/v/14 U
U= |1/v3 2/V14 Uz
1/v/3 —3/V/14 Uss
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6.4. ORTHOGONAL PROJECTIONS

6.4.1. Orthogonal projection onto subspaces. Given any subspace of an inner product
space, every vector in the vector space can be decomposed as a sum of two vectors; a vector
in the subspace and a vector perpendicular to the subspace. The picture one often has in
mind is a plane in R3 equiped with the dot product, as in Fig. @3l Any vector in R? can
be decomposed as a vector on the plane plus a vector perpendicular to the plane. In this
Section we provide expressions to compute this type of decompositions. We start splitting
a vector in orthogonal components with respect to a one dimensional subspace. The study
of this simple case describes the main ideas and the main notation used in orthogonal
decompositions. Later on we present the decomposition of a vector onto an n-dimensional
subspace.

Theorem 6.4.1. Fix a vector u # 0 in an inner product space (V, (, >) Given any vector

x €V decompose it as © = x, + & where x, € Span({u}). Then, . L u iff holds
(u, @)
[|ul?

Furthermore, in the case that u is a unit vector holds x, = (u, x) u.

The main idea of this decomposition can be understood in the inner product space (RZ, )
and it is sketched in Fig. It is obvious that every vector x can be expressed in many
different ways as the sum of two vectors. What is special of the decomposition in Eq.
is that @, has the precise length such that @ is orthogonal to x, (see Fig. [d2).

X

FIGURE 42. Orthogonal decomposition of the vector x € R? onto the sub-
space spanned by vector u.

Proof of Theorem [6.4.7k Since x, € Span({u}), there exists a scalar a such that =, = au.
Therefore w L @, iff holds that (u,z, ) = 0. A straightforward computation shows,

Uu, T
O0=(uz)=(uz)— (u,z) = (u,z) —al{u,u) <& a= <||1;|2>
We conclude that the decomposition © = x, + @, satisfies
(u, @)
x Llu & x= T
[ ]
In the case that u is a unit vector holds ||u|| = 1, so , is given by =, = (u, z) w. This
establishes the Theorem. O

ExamMpLE 6.4.1: Consider the inner product space (R3, ) and decompose the vector x in
orthogonal components with respect to the vector u, where

3 1
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SOLUTION: We first compute x, = ﬁ u. Since
u
3 1
u-x=[1 2 3] |2 =3+443=10, [u*=[1 2 3] |2| =1+4+9=14,
1 3
5 [1]
we obtain x, = = 2|. We now compute x, as follows,
3
[3] 1 21] 5 16 4
1 1 1 4
X, =X—X%,= |2 —% 2 =z 14 -z 10| == | 4 = xlz? 1
1] 3 7| 15 -8 -2
Therefore, x can be decomposed as
I Y I
13 -2
REMARK: We can verify that this decomposition is orthogonal with respect to u, since
4
4 4
u-x, ==[1 2 3] [ 1]=-(4+2-6)=0.
7 _9 7

<

We now decompose a vector into orthogonal components with respect to a p-dimensional
subspace with p > 1.

Theorem 6.4.2. Fiz an orthogonal set U = {uq,--- ,up}, with p > 1, in an inner product
space (V, {, >) Given any vector ¢ € V', decompose it as € = x, + x,_, where &, € Span(U).
Then, ¢ L w;, fori=1,---,p iff holds

U, T T
2 = (W 2> I ' 2> (6.16)
[Jwa | [ |
Furthermore, in the case that U is an orthonormal basis holds
= (u, @) wg + - + (U, T) . (6.17)
REMARK: The set U in Theorem [6.4.21 must be an orthogonal set. If the vectors ui,--- , u,
are not mutually orthogonal, then the vector &, computed in Eq. (617 is not the orthogonal
projection of vector x, that is, (x — @,) £ u; for i = 1,---,p. Therefore, before using

Eq. (6I7) in a particular application one should verify that the set U one is working with is
in fact an orthogonal set. A particular case of the orthogonal projection of a vector in the
inner product space (R3, ) onto a plane is sketched in Fig.

Proof of Theorem Since x, € Span(U), there exist scalars a;, for i = 1,--- ,p such
that @, = a;us +- - -+apu,. The vector @, L w; iff holds that (u;, @ ) = 0. A straightforward
computation shows that, for i = 1,--- ,p holds

0= (uj, @) = (ui, ) — (u;, )
= (i, @) — ax (wi, w) — -+ — ap (ui, w)
(ui, z)

= (uj, ) —a;(u;, ;) & a4, = ——-.
(i, @) = aifu, w) =l
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U

FIGURE 43. Orthogonal decomposition of the vector x € R? onto the sub-
space U spanned by the vectors u; and us.

We conclude that the decomposition & = x, + ¢, satisfies @, | wu; for i =1,--- ,p iff holds

<’U,1, :13> <upa w>
T, = up £+ :
] e ™
In the case that I is an orthonormal set holds ||w;|| =1 for i = 1,--- ,p, so x, is given by
Eq. (6I1). This establishes the Theorem. O

EXAMPLE 6.4.2: Consider the inner product space (R37 ) and decompose the vector x in
orthogonal components with respect to the subspace U, where

1 2 -2
x=12], U:Span({u1: 5|,ug=1]1 })
3 -1 1

SOLUTION: In order to use Eq. (616) we need an orthogonal basis of U. So, need need to
verify whether u; is orthogonal to us. This is indeed the case, since

—2
uprup=1[2 5 —1] | 1| =-4+5-1=0.
1
So now we use u; and us to compute x, using Eq. ([@I7). We need the quantities
o - o
up-x=1[2 5 —1] |2| =9, uprur=1[2 5 —1] | 5| =30,
_3_ __1_
= e
u2-x:[—2 1 1] 2| =3, u2-u2:[72 1 1] 1] =6.
_3_ L 1 -
Now is simple to compute x,, since
2 -2 2 -2 6 —10
9 3 3 1 1 1
-1 1 -1 1 -3 )
therefore,
—4 -2
1 1
L=— |20 == |10
X 10 = X E
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The vector x, is obtained as follows,

1 -2 5 -2 7 1
X, =X—x,= |2 —% 10 :% 10 —% 10 :% 0 = XL:%O
3 1 15 1 14 2
We conclude that _
—2 1
1 7
Sl 72
REMARK: We can verify that x, 1 U, since
o
u1~x¢:z[2 5 —1] [0 :z(2+072):0,
5 9 5
- .
ug-x, == [-2 1 1] [0 :g(2+072):0.
2

<

6.4.2. Orthogonal complement. We have seen that any vector in an inner product space
can be decomposed as a sum of orthogonal vectors, that is, € = ¢, + 2, with (z,,z. ) = 0.
Inner product spaces can be decomposed in a somehow analogous way as a direct sum of
two mutually orthogonal subspaces. In order to understand such decomposition, we need to
introduce the notion of the orthogonal complement of a subspace. Then we will show that
a finite dimensional inner product space is the direct sum of a subspace and it orthogonal
complement. It is precisely this result that motivates the word “complement” in the name
orthogonal complement of a subspace.

Definition 6.4.3. The orthogonal complement of a subspace W in an inner product
space (V,(,)), denoted as W+, is the set Wt ={uecV : (u,w)=0 VY weW}.

EXAMPLE 6.4.3: In the inner product space (R3, ~), the orthogonal complement to a line is
a plane, and the orthogonal complement to a plane is a line, as it is shown in Fig. @4 <

FIGURE 44. The orthogonal complement to the plane U is the line U+,
and the orthogonal complement to the line V' is the plane V.
As the sketch in Fig. [44] suggests, the orthogonal complement of a subspace is a subspace.

Theorem 6.4.4. The orthogonal complement W of a subspace W in an inner product
space is also a subspace.
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Proof of Theorem [6.4.4 Let u;, up € W+, that is, (u;, w) = 0 for all w € W and
i =1,2. Then, any linear combination au; + bus also belongs to W=, since

((auy + bug), w) = @ (uy, w) + b (uz, w) =0+ 0 Ywe W.
This establishes the Theorem. ]

—1
EXAMPLE 6.4.4: Find W for the subspace W = Span({w1 — |2 }) in (R3,-).
3

SOLUTION: We need to find the set of all x € R? such that x - w; = 0. That is,

Ty
[71 2 3] | =0 = 1z =219+ 323.
T3
The solution is
2x9 + 3x3 2 3
X = To = x=|1| 20+ |0 z3,
T3 0 1

hence we obtain
2 3
wt :Span({ 1], 10 })
0 1

The orthogonal complement of a line is a plane, as sketched in the second picture in Fig. [44
REMARK: We can verify that the result is correct, since

2 3
[-1 2 3] [1| =—242+0=0, [-1 2 3] |0 =-3+0+3=0.
0 1
<
1 3
EXAMPLE 6.4.5: Find W+ for the subspace W = Span({wl = (2] ,wy = |2 }) in (]RS, )
3 1

SOLUTION: We need to find the set of all x € R? such that x-w; = 0 and x-ws = 0. That is,
(A
1 2 3
{3 2 1} 2| =0
x3

We an use Gauss elimination to find the solution,

1 = T3, 1
12 3] 1o 1] = 275 = x| 2
3 21 01 2 2 B = 3,
x3 free. 1

hence we obtain

Wt = span({ [ 2| 1),

1

So, the orthogonal complement of a pane is a line, as sketched in the first picture in Fig. [44
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REMARK: We can verify that the result is correct, since

1 1
1 2 3] |[-2| =1-4+3=0, 3 2 1] |[-2| =3-4+1=0.
1 1

<

As we mentioned above, the reason for the word “complement” in the name of an orthog-
onal complement is that the vector space can be split into the sum of two subspaces with
zero intersection. We summarize this below.

Theorem 6.4.5. If W is a subspace in a finite dimensional inner product space V , then
V=wWaow:.

Proof of Theorem [6.4.5t We first show that V = W + W=. In order to do that,

first choose an orthonormal basis W = {wn,---,w,} for W, we here we have assumed

dimW = p < n=dimV. Then, for every vector & € V holds that it can be decomposed as
r=um + x, x, = (w, ) wy + - + (wy, T) wp, T, =x— T

Theorem says that , L w; for 4 = 1,---,p. This implies that & € W and, since
x is an arbitrary vector in V, we have established that V = W + W+<. We now show that
W N W+ = {0}. Indeed, if u € W, then (u,w) = 0 for all w € W. If u € W, then
choosing w = w in the equation above we get (u, w) = 0, which implies w = 0. Therefore,
W NW+ = {0} and we conclude that V' =W @ W+, This establishes the Theorem. O

Since the orthogonal complement W+ of a subspace W is itself a subspace, we can
compute (W=)+. The following statement says that the result is the original subspace W.

Theorem 6.4.6. If W is a subspace in an finite dimensional inner product space, then
(W4 =w,

Proof of Theorem First notice that W C (WJ-)J'. Indeed, given any fixed vector
w € W, the definition of W+ implies that every vector u € W+ satisfies (w, u) = 0. This
condition says that w € (VVL)L7 hence we conclude W C (WL)L. Second, Theorem
says that
V=wto W
In particular, this decomposition implies that dim V = dim W=+ 4 dim(WL)L. Again The-
orem also says that
V=WwaWw,

which in particular implies that dimV = dim W 4 dim W. These last two results put
together imply dim W = dim(WL)L. It is from this last result together with our previous

result, W C (WJ-)L, that we obtain W = (WJ-)L. This establishes the Theorem. O
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6.4.3. Exercises.

6.4.1.- Consider the inner product space
(R?,-) and use Theorem to find
the orthogonal decomposition of vector
x along vector u, where

1 1
x= (2|, u=|1
3 1

6.4.2.- Consider the subspace W given by

1 [ 2
Span({wlz % S Wo = -731 })

in the inner product space (R?,-).

(a) Find an orthogonal decomposition
of the vector we with respect to the
vector wi. Using this decomposi-
tion, find an orthogonal basis for
the space W.

(b) Find the decomposition of the vec-
tor x below in orthogonal compo-
nents with respect to the subspace
W, where

4
x= |3
0

6.4.3.- Consider the subspace W given by

2 2
Span({wl =10, wa=|-1 ,})

-2 0

in the inner product space (R?,-). De-
compose the vector x below into orthog-
onal components with respect to W,
where

(Notice that wi £ ws.)

6.4.4.- Given the matrix A below, find a ba-
sis for the space R(A)*, where

1 2
A=1|1 1
2 0
6.4.5.- Consider the subspace

1

W = Span{ -1 }
2

in the inner product space (R3, . )

(a) Find a basis for the space W=, that
is, find a basis for the orthogonal
complement of the space W.

(b) Use Theorem[6.4.1]to transform the

basis of W= found in part @) into
an orthogonal basis.

6.4.6.- Consider the inner product space
(R*,-), and find a basis for the orthog-
onal complement of the subspace W

given by
1 2
2 4
W_Span({ 0| |1 })
3 6

6.4.7.- Let X and Y be subspaces of a fi-
nite dimensional inner product space
(V,(,)). Prove the following:

(a) XCY = Y!tcXx+

M) (X+V)r=X+nYyt

(c) Use part (b)) to show that
(XNY)t =Xx*-4+v*
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6.5. GRAM-SCHMIDT METHOD

We now describe the Gram-Schmidt orthogonalization method, which is a method to
transform a linearly independent set of vectors into an orthonormal set. The method is
based on projecting the i-th vector in the set onto the subspace spanned by the previous
(i — 1) vectors.

Theorem 6.5.1 (Gram-Schmidt). Let X = {z1, -+, x,} be a linearly independent set in
an inner product space (V, {, >) If the set Y = {yy, -+ ,y,} is defined as follows,

yl = I,

<y17iL'2>
Yo = T2 — Y1,
[y 117

<y1a mp) <y(p—1)7 wp>
Y, =@, — Y e Y,
! ly 2 ™ lyg—) >~
then Y is an orthogonal set with Span(Y') = Span(X). Furthermore, the set
7 = {Zl :L7... L Zp = i}
(A [

is an orthonormal set with Span(Z) = Span(Y).

REMARK: Using the notation in Theorem we can write y, = @5, , where the projec-
tion is onto the subspace Span({y,}). Analogously, y;, = x;,, for i = 2,--- | p, where the
projection is onto the subspace Span({y;, -, y;_1}).
Proof of Theorem We first show that Y is an orthogonal set. It is simple to see
that y, € Span({y,})*, since

<y17 (BQ>

(Y1, Yo) = (Y1, T2) — W<y1a ;) = 0.

)*, we then show that y,,; € Span({y;, -,y })".

Assume that y; € Span({y;, - ,¥;_1}
Indeed, for j =1,--- ;7 holds
(3 ¥11) = () — L <
1y
where we used that y; € Span({y;,--- Y, 1)+, for all j = 1,--- i. Therefore, Y is an
orthogonal set (and so, a linearly independent set).

The proof that Span(X) = Span(Y’) has two steps: On the one hand, the elements in Y
are linear combinations of elements in X, hence Span(Y) C Span(X); on the other hand
dim Span(X) = dim Span(Y’), since X and Y are both linearly independent sets with the
same number of elements We conclude that Span(X) = Span(Y). It is straightforward to
see that Z is an orthonormal set, and since every element z; € Z is proportional to every
y; € Y, then Span(Y) = Span(Z). This establishes the Theorem. O

EXAMPLE 6.5.1: Use the Gram-Schmidt method to find an orthonormal basis for the inner
product space (R37 ) from the ordered basis



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 207

SOLUTION: We first find an orthogonal basis. The first element is

1
yi=x1=|1| = [ynulP=2
0
The second element is
Y2 = X2 — L Y1
Iy l? 7
where
2
yi-xe=[1 1 0] |1] =3.
0
A simple calculation shows
2 3 1 1 4 1 3 1 1
0 0 0 0 0
therefore,
1
1 1
vp=y -1 = lelP=;
2 2
0
Finally, the last element is
V3 = X3 Y1 X3 YQ‘X3y2
- - 1, — ’
[ly1ll? [lyz]1?
where
1 1 1
yl'ng[l 1 O] 1 :2, y2-X3:7[1 -1 O} 11 =0
2
1 1
Another simple calculation shows
1 1 0
2
va= 1| =3 [1] = 0]
1 0 1
therefore,
0
ys= [0 = |ysl®=1
1
The set Y = {y1,y2,y3} is an orthogonal set, while an orthonormal set is given by
z={ ! i ! 11 8 }
=195Z1 = —(= y 22 = —= | — y Z3 = .
V2 o V2| g 1

EXAMPLE 6.5.2: Consider the vector space P3([—1,1]) with the inner product
1

(p, q) =/ p(z)q(x) dx.

-1

Given the basis {p, = 1, p; = =, p, = 2%, p; = 23}, use the Gram-Schmidt method
starting with the vector p, to find an orthogonal basis for P3([—1, 1]).
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SOLUTION: The first element in the new basis is
1
Qp=p=1 = ||(I0H2:/ de = 2.
-1

The second element is

(qy, P1)
I e PR

It is simple to see that

1 1 1
@m) = [ wdo= 3] ~o

1
So we conclude that

1

1
1
w=n-z > laf=[ fa-3 < o

The third element in the basis is
<‘I07P2> <CI17P2>

@ =Py — @ — .
7 a7 el ™

It is simple to see that

Hence we obtain
21 , 1
q> = P2 — 3 5‘10 3
The norm square of this vector is

1 1
g.|* = 5/1(31‘2 —1)(32% — 1) dx

1 1
= / (921 — 62 + 1) da

9./
1/9 1
=557 -2+,
_ 8
45
Finally, the fourth vector of the orthogonal basis is given by
= po (@0:p3)  (a,p3)  (41.P3)
3 = P3 o 1 2
lll? lal? 1>

It is simple to see that

<q0,p3>:/ xgdxzix‘l‘ =0,

-1

1
1 1 2
4 5
s = d = — ‘ = -,
(a1, ps) /_133 T 5

Tt 1/1 IEANE
= = —1 3 = —| = 6 _ 4 ’ = 0.
(@2, P3) 3/ (3z )x° dx 3(2x 2° ) B 0

-1

=22 -~ = g =-03z2-1).

I
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Hence we obtain

23 3 1
50 = z® — 52 = gy = 5(53:3 — 3z).
The orthogonal basis is then given by

q3 = P3 —

1 1 .
{q(] =1, ¢=z qg= 3 (322 — 1), g5 = 5(53:3 — 31)}
These polynomials are proportional to the first three Legendre polynomials. The Legendre
polynomials form an orthogonal set in the space Py ([—1,1]) of polynomials of all degrees.
They play an important role in physics, since Legendre polynomials are solution of a par-
ticular differential equation that often appears in physics. <
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6.5.1. Exercises.

6.5.1.- Find an orthonormal basis for the
subspace of R* spanned by the vectors

-2 1
{ulz 2 , U2 = -3 },
-1 1

using the Gram-Schmidt process start-
ing with the vector uj.

6.5.2.- Let W C R? be the subspace

0 3
Span{u1: 21, u2 = |1 }
0 4

(a) Find an orthonormal basis for W
using the Gram-Schmidt method
starting with the vector u;.

(b) Decompose the vector x below as

X:XH+XL7

with x, € W and x, € W=, where

5
x= |1
0

6.5.3.- Knowing that the column vectors in
matrix A below form a linearly indepen-
dent set, use the Gram-Schmidt method
to find an orthonormal basis for R(A),

where
1 2 5
A=|0 2 0
1 0 -1

6.5.4.- Use the Gram-Schmidt method to
find an orthonormal basis for R(A),
where

1 2 1
A=10 2 =2
1 0 3

6.5.5.- Consider the vector space P2([0,1])
with inner product

1
b.9) = [ pl)gta)do.
0
Use the Gram-Schmidt method on the

ordered basis
(pO = 17 P =2, Pp = mz)a

starting with vector p,, to obtain an or-
thogonal basis for P2(][0, 1]).
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6.6. THE ADJOINT OPERATOR

6.6.1. The Riesz Representation Theorem. The Riesz Representation Theorem is a
statement concerning linear functionals on an inner product space. Recall that a linear
functional on a vector space V over a scalar field I is a linear function f : V' — T, that is,
for all &, y € V and all a, b € F holds f(ax+ by) = a f(x) + b f(y) € F. An example of a
linear functional on R? is the function

T

R3 > x= |z2| — f(X) =321 + 222 + 23 € R.
Z3

This function can be expressed in terms of the dot product in R® as follows

3
f(x)=u-x, u= |2

The Riesz Representation Theorem says that what we did in this example can be done in the
general case. In an inner product space (V, (, >) every linear functional f can be expressed
in terms of the inner product.

Theorem 6.6.1. Consider a finite dimensional inner product space (V, {, >) over the scalar
field F. For every linear functional f : V — F there exists a unique vector uy € V such that
holds

f(v) = (uy, v) Yve V.

Proof of Theorem Introduce the set
N={veV : fl)=0}CW

This set is the analogous to linear functionals of the null space of linear operators. Since f is
a linear function the set N is a subspace of V. (Proof: Given two elements vy, v € N and
two scalars a, b € F, holds that f(avy +bvz) = a f(v1)+b f(v2) = 040, so (avy +bvz) € N.)
Introduce the orthogonal complement of N, that is,

Nt={weV : (wv)=0YveV},

which is also a subspace of V. If N+ = {0}, then N = (NJ-)J' = ({0})J' = V. Since the
null space of f is the whole vector space, the functional f is identically zero, so only for the
choice u; = 0 holds f(v) = (0,v) for all ve V.

In the case that N+ # {0} we now show that this space cannot be very big, in fact it
has dimension one, as the following argument shows. Choose @ € N+ such that f(@) = 1.
Then notice that for every w € Nt the vector w— f(w)a is trivially in N+ but it is also in
N, since

flw— f(w) @) = f(w) — f(w) f(@) = f(w) — f(w) = 0.
A vector both in N and N+ must vanish, so w = f(w)@. Then every vector in Nt is
proportional to @, so dim N+ = 1. This information is used to split any vector v € V as
follows v = a u+ « where x € V and a € F. It is clear that

f(v)=flat+m) =af(w)+ f(x)=af(d) =a
However, the function with values g(v) = <ﬁ, 'v> has precisely the same values as f,
since for all v € V holds
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Therefore, choosing u; = @/||%||?, holds that
f(v) = (uy, v) YveV.

Since dim N1+ = 1, the choice of u; is unique. This establishes the Theorem. g

6.6.2. The adjoint operator. Given a linear operator defined on an inner product space,
a new linear operator can be defined through an equation involving the inner product.

Proposition 6.6.2. If T € L(V) is a linear operator on a finite-dimensional inner product
space (V, (, )), then there exists a unique linear operator T* € L(V), called the adjoint of
T, such that for all vectors u, v €V holds

(v, T"(w)) = (T(v), u).

Proof of Proposition [9.4.2k We first establish the following statement: For every vector
u € V there exists a unique vector w € V such that

(T(v), u) = (v, w) YveV. (6.18)

The proof starts noticing that for a fixed u € V the scalar-valued function f, : V — F
given by fu,(v) = (u, T(v)) is a linear functional. Therefore, the Riesz Representation
Theorem [6.6.1] implies that there exists a unique vector w € V such that f,(v) = (w, v).
This establishes that for every vector u € V' there exists a unique vector w € V such that
Eq. (6I8) holds. Now that this statement is proven we can define a map, that we choose
to denote as T* : V — V, given by u +— T*(u) = w. We now show that this map T is
linear. Indeed, for all u;, us € V and all a, b € F holds

(v, T*(auy + buz)) = (T(v), (aug + dbuz)) YveV,

a(T(v), w) +b(T(v), uz))

a{v, T*(uy)) + b(v, T*(u2))

(v,[a T"(u) + b T*(wp)]) VvevV,

hence T*(awu; + buy) = a T*(uy) + b T*(usz). This establishes the Proposition. O
The next result relates the adjoint of a linear operator with the concept of the adjoint

of a square matrix introduced in Sect. Recall that given a basis in the vector space,

every linear operator has associated a unique square matrix. Let us use the notation [T
and [T] for the matrices on a given basis of the operators T and T, respectively.

Proposition 6.6.3. Let (V, (, >) be a finite-dimensional vector space, let V be an orthonor-
mal basis of V, and let [T] be the matriz of the linear operator T € L(V') in the basis V.
Then, the matrixz of the adjoint operator T™ in the basis V is given by [T*] = [T]*.

Proposition says that the matrix of the adjoint operator is the adjoint of the matrix
of the operator, however this is true only in the case that the basis used to compute the
respective matrices is orthonormal. If the basis is not orthonormal, the relation between
the matrices [T'] and [T] is more involved.

Proof of Proposition Let V ={ey, -, e,} be an orthonormal basis of V', that is,
0 if i#j,
<e“ej>_{1 it i=j.

The components of two arbitrary vectors u, v € V in the basis V is denoted as follows

u = E Ui €5, v = E V;€;.
% i
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The action of the operator T can also be decomposed in the basis V as follows
T(e;) =Y [Tlijei, [Tl =[T(e)):-
i
We use the same notation for the adjoint operator, that is,
T"(ej) = Z[T*]ijei; [(T]i; = [T (€;)l;-
The adjoint operator is defined such that the equation (v, T*(u)) = (T(v), w) holds for all
u, v € V. This equation can be expressed in terms of components in the basis V' as follows

Z<'l}iei,Uj[T kek Z<Uz kek,u]e]>

ijk ijk
that is,
E Tiu; [T |rj(es, ex) E ;[ T ui(er, e5).
ijk ijk

Since the basis V is orthonormal we obtain the equation
Z @-uj [ Z ’UZ?
ij ijk
which holds for all vectors u, v € V', so we conclude
* T * i * *
[T");; =[T]; < [T7]=[T] <« [T7]=[T]"
This establishes the Proposition. O

EXAMPLE 6.6.1: Consider the inner product space ((CS, ) Find the adjoint of the linear
operator T with matrix in the standard basis of C? given by

Ty + 2ix9 + 123 T
[T(z)] = iT1 — T3 , [2] = |22
T, — Tg + ’i(E3 I3

SOLUTION: The matrix of this operator in the standard basis of C? is given by

1 2 i
(T]=|i 0 -1
1 -1

Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion [6.6.3] implies that

*

1 21 ) 1 —1 1 xr1 — iSCQ + I3
[T*]=[T)*=1]i 0 —1| =|-2 0 -1| = [T"x)]=| -2iz; —z3
1 -1 i - =1 —i —ix1 — X — i3

<
6.6.3. Normal operators. Recall now that the commutator of two linear operators T,
S € L(V) is the linear operator [T, S] € L(V) given by
[T, S)(u) = T(S(w)) — S(T(u)) YueV.

Two operators T, S € L(V) are said to commute iff their commutator vanishes, that is,
[T, S] = 0. Examples of operators that commute are two rotations on the plane. Examples
of operators that do not commute are two arbitrary rotations in space.
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Definition 6.6.4. A linear operator T defined on a finite-dimensional inner product space
(V7 (, )) is called a normal operator iff holds [T, T*] = 0, that is, the operator commutes
with its adjoint.

An interesting characterization of normal operators is the following: A linear operator
T on an inner product space is normal iff | T(w)|| = || T (u)|| holds for all u € V. Normal
operators are particularly important because for these operators hold the Spectral Theorem,
which we study in Chapter
Two particular cases of normal operators are often used in physics. A linear operator T
on an inner product space is called a unitary operator iff T* = T, that is, the adjoint
is the inverse operator. Unitary operators are normal operators, since
T =T" T =1 T, T*|=0
= = = =0.
ooy = ITT
Unitary operators preserve the length of a vector, since
2 1 * 2
[v]” = (v, v) = (v, T"(T(v))) = (v, T"(T(v))) = (T(v), T(v)) = | T(v)]".

Unitary operators defined on a complex inner product space are particularly important in
quantum mechanics. The particular case of unitary operators on a real inner product space
are called orthogonal operators. So, orthogonal operators do not change the length of a
vector. Examples of orthogonal operators are rotations in R3.

A linear operator T on an inner product space is called an Hermitian operator iff
T* = T, that is, the adjoint is the original operator. This definition agrees with the
definition of Hermitian matrices given in Chapter 2

EXAMPLE 6.6.2: Consider the inner product space (C3, ) and the linear operator T with
matrix in the standard basis of C? given by

xr1 — ’iSUQ + x3 X
[T(z)] = iy —x3 |, (2] = |22
r1 — T2+ T3 z3

Show that T is Hermitian.

SOLUTION: We need to compute the adjoint of T. The matrix of this operator in the
standard basis of C? is given by

1 —i 1
(T]=|i 0 -1
1 -1 1

Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion [6.6.3] implies that

1 — 1 1 — 1
[T*]:[T]*: 7 0 —1| =i 0 -1 :[T]
1 -1 1 1 -1 1
Therefore, T* = T. <

6.6.4. Bilinear forms.

Definition 6.6.5. A bilinear form on a vector space V overF is a functiona : VXV — F
linear on both arguments, that is, for all w, v, vo € V and all by, by € F holds

a(u, (bivy + bgvg)) = bra(u, v1) + baa(u, v2),
a((b1 v + bg’Ug), ’U,) = bla('ul, ’U,) + bga(’vg, 'U,)
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The bilinear form a : V x V. — F is called symmetric iff for all uw, v € V holds
a(u, v) = a(v, u).

An example of a symmetric bilinear form is any the inner product on a real vector space.
Indeed, given a real inner product space (V,(,})7 the function (,) : VXV — R is a
symmetric bilinear form, since it is symmetric and

(u, (bl’Ul + b2'l)2)> = b1<'LL, ’01> —+ b2<u, ’02>.

We will shortly see that another example of a bilinear form appears on the weak formulation
of the boundary value problem in Eq. (Z.30).

On the other hand, an inner product on a complex vector space is not a bilinear form,
since it is conjugate linear on the first argument instead of linear. Such functions are called
sesquilinear forms. That is, a sesquilinear form on a complex vector space V' is a function
a:V xV — C that is conjugate linear on the first argument and linear on the second
argument. Sesquilinear forms are important in the case of studying differential equations
involving complex functions.

Definition 6.6.6. Consider a bilinear form a : V x V. — F on an inner product space
(V, {, >) over F. The bilinear form a is called positive iff there exists a real number k > 0
such that for all w € V holds
a(u, u) > k [|ul*.
The bilinear form a is called bounded iff there exists a real number K > 0 such that for
all u, vV holds
a(u, v) < K [Juf [|v].

An example of a positive bilinear form is any inner product on a real vector space. The
Schwarz inequality implies that such inner product is also a bounded bilinear form. In fact,
an inner product on a real vector space is a symmetric, positive, bounded bilinear form. We
will shortly see that the bilinear form that appears on a weak formulation of the boundary
value problem in Eq. (Z30) is symmetric, positive and bounded. We will see that these
properties imply the existence and uniqueness of solutions to the weak formulation of the
boundary value problem.
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6.6.5. Exercises.

6.6.1.- . 6.6.2.- .
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CHAPTER 7. APPROXIMATION METHODS

7.1. BEST APPROXIMATION

The first half of this Section is dedicated to show that the Fourier series approximation of
a function is a particular case of the orthogonal decomposition of a vector onto a subspace
in an inner product space, studied in Section Once we realize that it is not difficult to
see why such Fourier approximations are useful. We show that the orthogonal projection
x, of a vector & onto a subspace U is the vector in the subspace U closest to x. This is
the origin of the name “best approximation” for x,. What is intuitively clear in (Rg, ) is
true in every inner product space, hence it is true for the Fourier series approximation of
a function. In the second half of this Section we show a deep relation between the Null
space of a matrix and the Range space of the adjoint matrix. The former is the orthogonal
complement of the latter. A consequence of this relation is a simple proof to the property
that a matrix and its adjoint matrix have the same rank. Another consequence is given in
the next Section, where we obtain a simple equation, called the normal equation, to find a
least squares solution of an inconsistent linear system.

7.1.1. Fourier expansions. We have seen that orthonormal bases have a practical ad-
vantage over arbitrary basis. The components [x], of a vector « in an orthonormal basis

Up, = {1, -+ ,u,} of the inner product space (V7 (, >) are given by the simple expression
<u1’ 33>
[z], = : & = {(u, U+ + (U, ) u,.
(Un, @)

In the case that an orthonormal set U, is not a basis of V, that is, p < dim V', one can always
introduce the orthogonal projection of a vector & € V onto the subspace U, = Span(i,),

x, = (U, @) up + -+ (up, T) u,.

We have seen that in this case, &, # x. In fact we called the difference vector @, = = — «;,,
since this vector satisfies that & 1 a,. We now give the projection vector x, a new name.

Definition 7.1.1. The Fourier expansion of a vector x € V with respect to an orthonor-
mal set Uy, = {u1,- -+, u,} C (V,(,)) is the unique vector @, € Span(U,) given by

x, = (ur, ) ug + - + (up, ) up,. (7.1)
The scalars (u;, x) are the Fourier coefficient of the vector x with respect to the set U,.

A reason to the name “Fourier expansion” to the orthogonal projection of a vector onto
a subspace is given in the following example.

ExAMPLE 7.1.1: Given the vector space of continuous functions V = C([—¢,/],R) with

¢
inner product given by (f, g) = / f(z)g(z) dz, find the Fourier expansion of an arbitrary
¢

function f € V with respect to the orthonormal set
U { 1 u 1 COS(nﬂ'x) v 1 i (mrx) }N
= = —_, = — — ], n — —F— 1n|{ —— .
N Up /72€ ] \/z g v \/z E nel

SoruTION: Using Eq. () on a function f € V' we get

f=(uo,f) uo + XN: [<un,f> Uy + (vn, f) vn]~
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Introduce the vectors in Uy explicitly in the expression above,

N
= )+ X_jl[jz () cos("F) + 75 (v f) sin(“55) |

Denoting by
1 1 1
G0=¢727<U0,f> an:W@l’na.f) bnzﬁ<unvf>7

then we get that

f(z)=ao+ HZN; {a”, CO&(%) +b, Sm(?ﬂ

where the coefficients ag, a,, and b,,, for n =1,--- | N are the usual Fourier coefficients,

aozzlg/_if(x)dx, anziﬁglf(x)cos<7T> dx, bnzz/_if(x)sin(mfs) dx.

<

The example above is a good reason to name Fourier expansion the orthogonal projection
of a vector onto a subspace. We already know that the Fourier expansion x, of a vector x with
respect to a an orthonormal set U, has a particular property, that is, (x — @) = x, € UpL.
This property means that x, is the best approximation of the vector & from within the
subspace Span(l,). See Fig. for the case V = R3, with (,) = -, and Span(Us) two-
dimensional. We highlight this property in the following result.

Theorem 7.1.2 (Best approximation). The Fourier expansion x, of a vector x with
respect to an orthonormal set U, in an inner product space, is the unique vector in the
subspace Span(U,,) that is closest to , in the sense that

|le— | <lz—yl VyeSpanly)—{z}.
Proof of Theorem Recall that @, = x — z, is orthogonal to Span(U), that is
(x—a,) L (x, — y) for all y € Span(U). Hence,
lz—yl* = [[(z— ) + (z — YI° = |lz—z.)> + |z — y|*, (7.2)

where the las equality comes from Pythagoras Theorem. Eq. (2)) says that ||z — y| is the
smallest iff y =z, and the smallest value is | — x,||. This establishes the Theorem. O

Span (U’

FIGURE 45. The Fourier expansion x, of the vector x € R3 is the best
approximation of x from within Span(U).
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ExXAMPLE 7.1.2: Given the vector space of continuous functions V' = C([fl, 1], ]R) with the

inner product given by (f, g) = / f(z)g(x) dzx, find the Fourier expansion of the function
-1

f(z) = x with respect to the orthonormal set

T e L R R o

SOLUTION: We use the formulas in Example [.T.1] above to the function f(x) = x on the
interval [—1, 1], since £ = 1. The coefficient ag above is given by

1! 1, 5
2/ xdm:i($2|_1) = ap=0.

apg = —
-1
The coeflicients a.,, by, for n =1,--- ;| N computed with one integration by parts,
[ weostuma) do = = sintue) + 3 cos(nma)
zcos(nmz) dr = — sin(nwz) + —— cos(nww
nm n2m2 ’
x
zsin(nrx) dr = —— cos(nmx) + —— sin(nwx).
[ wsintunz) dz = =2 cos(nme) + 5 sin(nmo)
The coefficients a,, vanish, since
1 T 1 1
ap = / x cos(nmx) de = [— sin(nmc)]’ s cos(nm:)‘ = a,=0
1 nm —1 -
The coefficients b,, are given by
1 1 1 _1)(n+1)
T 1 2(—1
b, = / rsin(nrz)de = — [— cos(mrx)] ’ +—— Sin(mrx)’ = b, = i
1 nw -1 n?rw -1 nmw
Therefore, the Fourier expansion of f(x) = x with respect to Uy is given by

n+1)

N
2
=— E ~——~—— sin(nmx).
T

n=1

REMARK: First, a simpler proof that the coefficients ag and a,, vanish is to realized that we
are integrating an odd function on the interval [—1,1]. The odd function is the product of
an odd function times an even function. Second, Theorem tells us that the function
f, above is only combination of the sine and cosine functions in Uy that approximates best
the function f(z) = x on the interval [—1, 1]. <

7.1.2. Null and range spaces of a matrix. The null and range spaces associated with a
matrix A € F"™™ and its adjoint matrix A* are deeply related.

Theorem 7.1.3. For every matriz A € F™" holds N(A) = R(A*)* and N(A*) = R(A)~L.

Since for every subspace W on a finite dimensional inner product space holds (W+)+ = W,
we also have the relations

N(A)* = R(A"),  N(A*)" = R(A).
In the case of real-valued matrices, the Theorem above says that

N(A) = R(AT) and N(AT) = R(A)*.
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Before we state the proof of this Theorem let us review the following notation: Given
an m x n matrix A € F"™", we write it either in terms of column vectors A.; € F™ for
j=1,--+ n, orin terms of row vectors A;. € F"* for i =1,--- ,m, as follows,

Ar

A=T[A1 - Aul, A= | :

A

Since the same type of definition holds for the n x m matrix A*, that is,
(A*)l:

A=A - (A)an],  AT=| 0,

(A" )

then we have the relations

(Aj)" =A%) (Ai)" = (A")..
For example, consider the 2 x 3 matrix

A_[zll g 2} = A;l—[ﬂvAﬂ_m’Aﬁ_E]’ Ziﬁ i Z?

The transpose is a 3 X 2 matrix that can be written as follows

14 1 q Whe=[ 4,
AT =12 5 = (AT):l =12, (AT):Q =195, (AT)Qi = [2 5] ”
3 6 3 6 (AT)3.=[3 6

So, for example we have the relation
4
(A:S)T = [3 6] - (AT)3=’ (AQ:)T = [9] = (AT):2~
6

Proof of Theorem [T.1.3} We first show that the N(A) = R(A*)L. A vector x € F"
belongs to N(A) iff holds

As. [(A*).]" (A% -x =0,
Ax=0 & D x=0 & : x=0 < :

A [(A).m]” (Aﬂm.x;o

So, x € N(A) iff x is orthogonal to every column vector in A*, that is, x € R(A*)*.

The equation N(A*) = R(A)L comes from N(B) = R(B*)* taking B = A*. Nevertheless,
we repeat the proof above, just to understand the previous argument. A vector y € F™
belongs to N(A*) iff

(A*)1. (Aq)* Aa-y =0,
Aly=0 < : y=0 <& : y=0 <& :
(A)n (Am)* Ay =0

So, y € N(A*) iff y is orthogonal to every column vector in A, that is, y € R(A)‘. This
establishes the Theorem. O
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ExAaMPLE 7.1.3: Verify Theorem [[.1.3] for the matrix A = [1 2 3} .

3 2 1

SoLuTiON: We first find the N(A), that is, all x € R? solutions of Ay = 0. Gauss operations
on matrix A imply

1 2 3 10 -1 nm 1
[3 9 1] — [O 1 _2] = xe = —2z3, = N(A)= Span({ -2 })
x3 free, 1

It is simple to find R(AT), since

1 3
R(AT) = Span({ 21, |2 })
3 1
Theorem is verified, since
1 1
[1 2 3] |-2| =1-443=0, [3 2 1] |-2| =3-4+1=0 = N(A)=R(A")"-
1 1

Let us verify the same Theorem for A7. We first find N (A7), that is, all y € R? solutions of
ATy = 0. Gauss operations on matrix AT imply

1 3 1 0
2 2 — (0 1 = y{
3 1 0 0

The space R(A) is given by

s =sw{[]. [ G0 =smC ] [

Since (R?)* = {0}, Theorem [.T.3]is verified. <

0

0] = N(AT) = {0}.

Theorem [[.1.3] provides a simple proof for a result we used in Chapter
Theorem 7.1.4. For every matriz A € F™™ holds that rank(A) = rank(A*).

Proof of Theorem [T.1.4t Recall the Nullity-Rank result in Corollary 5.1.8] which says
that for all matrix A € F™" holds dim N(A) 4+ dim R(A) = n. Equivalently,

dim R(A) = n — dim N(A) = n — dim R(A*)*,

since N(A) = R(A*)*. From the orthogonal decomposition F" = R(A*) @ R(A*)* we know
that dim R(A*) = n — dim R(A*)*. We then conclude that

dim R(A) = dim R(A").
This establishes the Theorem. O
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7.1.3. Exercises.

7.1.1.- Consider the inner product space
(RB, ) and the orthonormal set U,

1 1
up = — _1,U2:7 1}.
{ V2l V3
Find the best approximation of x below
in the subspace Span(lf), where

—2

7.1.2.- Consider the inner product space
(R*?,(,)r) and the orthonormal set
U = {E1,E2}, where

e Lo 1] g L[ o
SR O] R N [V |

Find the best approximation of matrix

A below in the subspace Span(l{), where

1 1
A= L J .

7.1.3.- Consider the inner product space
P2 ([0,1]), with (p, q) = [, p(x)q(x) dz,
and the subspace U = Span(U/), where
u:{%:l: ‘hz(m_%)}

(a) Show that U is an orthogonal set.

(b) Find 7,, the best approximation
with respect to U of the polynomial
r(x) = 2z + 322

(¢) Verify whether (r—m,) € U~ or not.

7.1.4.- Consider the space C*([—{,¢],R)
with inner product

l
(F.g) = / @) dz.

and the orthonormal set U given by

1
"= i
U = %COS(%)

Find the best approximation of
T 0 <z </,
flo) = { —z — <z <0.
in the space Span(f)
7.1.5.- For the matrix A € R>® below,

verify that N(A) = R(AT)* and that
N(A") = R(A)*, where

2 1 1
A=1|-1 -1 0
-2 -1 -1
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7.2. LEAST SQUARES

7.2.1. The normal equation. We describe the least squares method to find approximate
solutions to inconsistent linear systems. The method is often used to find the best parameters
that fit experimental data. The parameters are the unknowns of the linear system, and the
experimental data determines the matrix of coefficients and the source vector of the system.
Such a linear system usually contains more equations than unknowns, and it is inconsistent,
since there are no parameters that fit all the data exactly. We start introducing the notion
of least squares solution of a possibly inconsistent linear system.

Definition 7.2.1. Given a matrix A € F™" and a vector b € (IE"", . ), the vector x € F" is
called a least squares solution of the linear system Ax = b iff holds

[AX=bl < [ly =bll  Vye R(A).

The problem we study is to find the least squares solution to an m x n linear system
Ax = b. In the case that b € R(A) the linear system Ax = b is consistent and the least
squares solution X is the actual solution of the system, hence ||[AXx — b|| = 0. In the case that
b does not belong to R(A), the linear system Ax = b is inconsistent. In such a case the least
squares solution X is the vector in R™ with the property that Ax is a vector in R(A) closest
to b in the inner product space (Rm, ) A sketch of this situation for a matrix A € R>? is
given in Fig.

A
R /\

x)

R(A)

FIGURE 46. The meaning of the least squares solution X € R? for the 3 x 2
inconsistent linear system Ax = b is that the vector AX is the closest to b
in the inner product space (R3, )

The solution to the problem of finding a least squares solution to a linear system is
summarized in the following result.

Theorem 7.2.2. Given a matrizc A € F™"™ and a vector b in the inner product space
(Fm, -), the vector X € F" is a least squares solution of the m x n linear system Ax = b iff X
is solution to the n x n linear system, called normal equation,

A*Ax = A"b. (7.3)
Furthermore, the least squares solution X is unique iff the column vectors of matrix A form

a linearly independent set.

REMARK: In the case that F = R, the normal equation reduces to ATAx = ATb.
Proof of Theorem [7.2.2 We are interested in finding a vector X € F™ such that Ax is the
best approximation in R(A) of vector b € F™. That is, we want to find X € F” such that

|Ax—b| <lly—b|  Vye R(A).
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Theorem [[L1.2] says that the best approximation of b is when Ax = b,, where b, is the
orthogonal projection of b onto the subspace R(A). This means that

(Ax —b) € R(A)YF = N(A*) & A*(Ax—b)=0.
We then conclude that X must be solution of the normal equation
A*Ax = A*b.
The furthermore can be shown as follows. The column vectors of matrix A form a linearly
independent set iff N(A) = {0}. Lemma [[.22.3 stated below establishes that, for all matrix
A holds that N(A) = N(A*A). This result in our case implies that N(A*A) = {0}. Since
matrix A*A is a square, n X n, matrix, we conclude that it is invertible. This is equivalent

to say that the solution x to the normal equation is unique; moreover, it is given by x =

(A*A)~1A*b. This establishes the Theorem. O
In the proof of Theorem above we used the following result:

Lemma 7.2.3. IfA € F™" then N(A) = N(A*A).
Proof of Lemma [7.2.3t We first show that N(A) C N(A*A). Indeed,
x€ N(A) = Ax=0 = A*Ax=0 = xe N(A*A).

Now, suppose that there exists x € N(A*A) such that x ¢ N(A). Therefore, x # 0 and
Ax # 0, which imply that

0# |Ax|]? = x*A*Ax = A*Ax#0.

However, this last equation contradicts the assumption that x € N(A*A). Therefore, we
conclude that N(A) = N(A*A). This establishes the Lemma. O

EXAMPLE 7.2.1: Show that the 3 x 2 linear system Ax = b is inconsistent; then find a least
squares solutions x = [gl] to that system, where
2
1 3 -1
A=1|2 2|, b= 1
31 -1
SOLUTION: We first show that the linear system above is inconsistent, since Gauss operation
on the augmented matrix [A|b] imply

1 3 -1 1 3 -1 1 3 -1
2 2 1{—10 —4 3| — (0 —4 3
3 1 -1 0 -8 2 0 O 1

In order to find the least squares solution to the system above we first construct the normal
equation. We need to compute

1 3 -1
a1 2 3 14 10 o 123 e
S R R R A Y R

Therefore, the normal equation is given by
14 10| (1] _ [-2
10 14| (22|~ |-2|°
Since the column vectors of A form a linearly independent set, matrix ATA is invertible,

ray-1_ 1 [14 —10] 1 [7 -5
(ATA) _96{10 14}_48 -5 7|
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The least squares solution is unique and given by
L, L7 =5 -1 o 3= 1 -1
T -5 7] |1 T2 -1

REMARK: We now verify that (Ax —b) € R(A)*. Indeed,

1 3 -1 1 -1 1
1 [— 1 2
Ax—b=[2 2 12[}]— Hl==5[1| -] 1] = A-b=:]|-2
3 1 -1 1 -1 1
Since
1 3
1 -2 1] |2 =1-4+3=0, [1 -2 1][2|=3-4+1=0,
3 1
we have verified that (Ax — b) € R(A)*. <

We finish this Subsection with an alternative proof of Theorem in the particular
case that involves real-valued matrices, that is, F = R. The proof is interesting in its own,
since it is based in solving a constrained minimization problem.

Alternative proof of Theorem for F = R: The vector x € R" is a least squares
solution of the system Ax = b iff the function f: R® — R given by f(x) = |Ax — b||? has a
minimum at x = x. We then find all minima of function f. We first express f as follows,

f(x) = (Ax—b) - (Ax — b)
= (AX) - (Ax) — 2b- (Ax) + b - b
= xTATAx — 2bTAx + bTb.

We now need to find all solutions to the equation V,f(x) = 0. Recalling the definition of a
gradient vector

of
)
fo = y
of
d,,

it is simple to see that, for any vector a € R™, holds,
Vi(a"x) = a, Vi(xTa) = a.
Therefore, the gradient of f is given by
Vif = 2ATAx — 2ATb.
We are interested in the stationary points, the x solutions of
Vif(x)=0 < ATAx=A"b.

We conclude that all stationary points x are solutions of the normal equation, Eq. (3.
These stationary points must be a minimum of f, since f is quadratic on the vector compo-
nents z; having the degree two terms all positive coeflicients. This establishes the first part
of Theorem in the case that F = R. O
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7.2.2. Least squares fit. It is often desirable to construct a mathematical model to de-
scribe the results of an experiment. This may involve fitting an algebraic curve to the given
experimental data. The least squares method can be used to find the best parameters that
fit the data.

EXAMPLE 7.2.2: (Linear fit) The simplest situation is the case where the best curve fitting
the data is a straight line. More precisely, suppose that the result of an experiment is the
following collection of ordered numbers

{(tlabl)a"' 7(tm7bm)}a m>27

and suppose that a plot on a plane of the result of this experiment is given in Fig. [47
(For example, from measuring the vertical displacement b; in a spring when a weight ¢; is
attached to it.) Find the best line y(t) = &2 ¢ + &; that approximate these points in least
squares sense. The latter means to find the numbers &2, #; € R such that Y ", |Ab;]? is
the smallest possible, where

Abi:bi—y(ti) =4 Abi:bi—(.%gti—‘r.’i‘l), 1=1,---,m.

FIGURE 47. Sketch of the best line y(t) = &2t + 2 fitting the set of points
(t;, b;), fori=1,---,10.

SOLUTION: Let us rewrite this problem as the least squares solution of an m x 2 linear
system, which in general is inconsistent. We are interested to find &5, Z; solution of the
linear system

y(t1) = by T1+t1Za =by 1 4 by

Y(tm) = b, 1+ tda = by, Lt b

Introducing the notation



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 227

we are then interested in finding the solution x of the m x 2 linear system Ax = b. Introducing
also the vector

Aby
Ab = S
Aby,
it is clear that Ax — b = Ab, and so we obtain the important relation
. - 2
IA% = bl|* = [|Ab[[* = > (Ab;)".
i=1

Therefore, the vector X that minimizes the square of the deviation from the line, >~ | (Ab;)?,
is precisely the same vector X € R? that minimizes the number [|Ax — b||?. We studied the
latter problem at the begining of this Section. We called it a least squares problem, and the
solution X is the solution of the normal equation

ATA% = ATb.
It is simple to see that
1 >
a1 -1 oL m t;
AA_[tl tm] . : _|:Zti Zt?:|7
1ty
by ] -
A b_{h et Sl Dotk
bm,

Therefore, we are interested in finding the solution to the 2 x 2 linear system
[ m Zti] [:%1' 30 }
Siti St |d2] [ Dotabi)”
Suppose that at least one of the t; is different from 1, then matrix ATA is invertible and the
inverse is )
e s T
m¥ 2 — (L)’ l-xt m
We conclude that the solution to the normal equation is
Fl}_ 1 {Zt% _th} [Ebi]
B mye - (et Xt m ] otk
So, the slope Z5 and vertical intercept 21 of the best fitting line are given by
my tibi — (3 t) (D0 bi) )X b) — () (X tibi)
mZt%—(Zti)Z mth—(Zti)g .

To = 5 T =

<

ExaMPLE 7.2.3: (Polynomial fit) Find the best polynomial of degree (n — 1) > 0, say
p(t) = &n t(=1) 4 ... 4 &, that approximates in least squares sense the set of points

{(tlvbl)a"' 7(tm7bm)}a mzmn.

(See Fig. 8 for an example in the case that the fitting curve is a parabola, n = 3.) Following
Example [[.22] the least squares approximation means to find the numbers Z,,--- ,2; € R
such that > ;" |Ab;|? is the smallest possible, where

Abi=bi=p(t) & Abj=bi— (@, t" V), =1, m.
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_/\ 2 » -
A p(t)=x3t +x,t+ X,

FIGURE 48. Sketch of the best parabola p(t) = #3t? + 2ot + 2, fitting the
set of points (¢;,b;), for i =1,---,10.

SOLUTION: We rewrite this problem as the least squares solution of an m x n linear system,

which in general is inconsistent. We are interested to find &, --- ,Z; solution of the linear
system
- - (n=1), _ B
p(t1) = by At = by T CE b by
@ . @ . . =
(n—1) 7
P(tm) = b, F14-+ tgg—l)jn = b,, 1 m T, bm

Introducing the notation

1o gD b
A= | Dol ox=] b=

we are then interested in finding the solution X of the m xn linear system Ax = b. Introducing
also the vector

Aby
Ab = :
Aby,
it is clear that Ax — b = Ab, and so we obtain the important relation

1A% — b2 = [ Ab]* = 37 (Ab;)%.

=1

Therefore, the vector X that minimizes the square of the deviation from the line, > (Ab;)?,
is precisely the same vector X € R? that minimizes the number [|AX — b||2. We studied the
latter problem at the begining of this Section. We called it a least squares problem, and the
solution X is the solution of the normal equation

ATA% = ATb. (7.4)
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It is simple to see that Eq. (Z4]) is an n X n linear system, since

1 . 1 1 .- tgnfl)
ATA=| : : S
(3 SO Gl I RPN G
1 1 by
ATb = : . :
£ Y] b

We do not compute these expressions explicitly here. In the case that the columns of A
form a linearly independent set, the solution X to the normal equation is

%= (ATA)'ATb.

The components of x provide the parameters for the best polynomial fitting the data in least
squares sense. <

7.2.3. Linear correlation. In statistics a correlation coefficient measures the departure of
two random variables from independence. For centered data, that is, for data with zero
average, the correlation coefficient can be viewed as the cosine of the angle in an abstract
R"™ space between two vectors constructed with the random variables data. We now define
and find the correlation coefficient for two variables as given in Example

Once again, suppose that the result of an experiment is the following collection of ordered
numbers

{(t1,01), -+, (tms bn) } m = 2. (7.5)
Introduce the vectors e, t, b € R™ as follows,
1 t1 b1
e=|[:], t=|:], b=]:
1 tm b

Before introducing the correlation coefficient, let us use these vectors above to write down
the least squares coefficients x found in Example [[.2.2] The matrix of coefficients can be
written as A = [e, t], therefore,

A €T _lere t-e . €T, Je-b
S A R SN P A S bt

The least squares solution can be written as follows,

Ej - (e-e)(t-tl) —(t-e)? [—te -tt _ee- ;et} {:lﬂ ’

that is,
o (e-e)(t-b)—(e-t)(e-b) P (e-b)(t-t)—(e-t)(t-b)
2T e e)(tt)—(t-e)? YT ee)(tt) — (t-e)?
Introduce the average values
AL S

These are indeed the average values of ¢; and b;, since

e-e=m, e~t:2ti, e~b:Zbi.
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Introduce the zero-average vectors t = (t —fe) and b = (b—be). The correlation coefficient
of the data given in ([CH]) is given by

o nbd

t-

e ) = ey

>

Therefore, the correlation coefficient between the data vectors t and b is the angle between
the zero-average vectors t and b in R™.

In order to understand what measures this angle, let us consider the case where all the
ordered pairs in (T3] lies on a line, that is, there exists a solution X of the linear system
Ax = b (a solution, not only a least squares solution). In that case we have

T1e+ Tot=Db = I +£2¥:5,
and this implies that
io(t—Te)=(b—be) & dyt=b <« cor(t,b)=1.

That is, in the case that t is linearly related to b we obtain that the zero-average vectors t
and b are parallel, so the correlation coefficient is equal one.

7.2.4. QR-factorization. The Gram-Schmidt method can be used to factor any m x n
matrix A into a product of an m X n matrix Q with orthonormal column vectors and an
upper triangular n x n matrix R. We will see that the QR-factorization is useful to solve
the normal equation associated to a least squares problem.

Theorem 7.2.4. If the column vectors of matriz A € F™"™ form a linearly independent set,
then there exist matrices Q € F™™ and R € F™" satisfying that Q*Q = 1,,, matriz R is upper
triangular with positive diagonal elements, and the following equation holds

A =QR.

Proof of Theorem [7.2.4t Use the Gram-Schmidt method to obtain an orthonormal set

{1, ,qn} from the column vectors of the m x n matrix A = [A.1,---,A.,], that is,
p1 = Aa a1 = = ;
[Pl
p2=As— (A2 -q1)a qz = P ;
P2l
Pn
Pn :A:n* (Anql) qi1 — - — (A:n'qn—l) dn—1 qn = .
[Pl
Define matrix Q = [q1, - - , qy], which then satisfies the equation Q*Q = |,,. Notice that the

equations above can be expressed as follows,

Aa = lpillas,
Ao = [Ip2]laz + (a1 - Aiz) a1

A:n = Hpn” dn + (ql : An) q: + (q2 : An) qo + -+ (qn—l . An) dn—1-
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After some time staring at the equations above, one can rewrite it as a matrix product

Ipill (a1-Az2) - (q1-Ay)
0 ||p2|| (QQ 'A:n)
[Ady - An] = [an, - yan] | : : (7.6)
0 0 o (Gnet - As)
0 0 lIpnl

Define matrix R by equation above as the matrix satisfying A = QR. Then, Eq. ([Z0]) says
that matrix R is n X n, upper triangular, with positive diagonal elements. This establishes

the Theorem. (]
1 2 1

ExAMPLE 7.2.4: Find the QR~factorization of matrix A= |1 1 1].
0 0 1

SOLUTION: First use the Gram-Schmidt method to transform the column vectors of matrix
A into an orthonormal set. This was done in Example [6.5.71 The result defines the matrix
Q as follows

1 1 9
V2 V2
Q—L—LO
V2 V2

0 0 1

Having matrix A and Q, and knowing that Theorem [[.24] is true, then we can compute
matrix R by the equation R = QTA. Since the column vectors of Q form an orthonormal
set, we have that Q7 = Q !, and in this particular case Q! = Q, so matrix R is given by

1 1 [ 3
v @0 1 2 1 \/5\45\/5
0 0o 1] (0 0 1 0 0 1

The QR-factorization of matrix A is then given by

| 3
aoov 0 |v2 o V2
A=|ps 5 Ol |0 & O
2
o 0 1o 0 1

<

The QR-factorization is useful to solve the normal equation in a least squares problem.

Theorem 7.2.5. Assume that the matriz A € F™"™ admits the QR-factorization A = QR.
The vector x € F" is solution of the normal equation A*Ax = A*b iff it is solution of

Rx = Q*b.

Proof of Theorem [7.2.5t Just introduce the QR-factorization into the normal equation
A*AXx = A*b as follows,

(R*Q*) (QR) x=R'Q*bh & R'Rx=R*Qb <« R*(Rf( — Q*b) =0
Since R is a square, upper triangular matrix with non-zero coefficients, we conclude that R
is invertible. Therefore, from the last equation above we conclude that X is solution of the
normal equation iff holds
Rx = Q*b.
This establishes the Theorem. ([l
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7.2.5. Exercises.

7.2.1.- Consider the matrix A and the vec-
tor b given by

1 0 1
A=10 1|, b= |1
11 0

(a) Find the least-squares solution X to
the linear system Ax = b.
(b) Verify that the solution x satisfies

(A% —b) € R(A)*.

7.2.2.- Consider the matrix A and the vec-
tor b given by

2 2 1
A=|0 -1/, b=1|1
-2 0 -1

(a) Find the least-squares solution X to
the linear system Ax = b.

(b) Find the orthogonal projection of
the source vector b onto the sub-
space R(A).

7.2.3.- Find all the least-squares solutions
X to the linear system Ax = b, where

1 2 1
A=1|2 4], b= |1
3 6 1

7.2.4.- Find the best line in least-squares
sense that fits the measurements, where
t1 is the independent variable and b; is
the dependent variable,

= -2, by = 4,
to = —1, by = 3,
t3 =0, bs =1,
ta=2, by = 0.

7.2.5.- Find the correlation coefficient cor-
responding to the measurements given
in Exercise 7.2M] above.

7.2.6.- Use Gram-Schmidt method on the
columns of matrix A below to find its

QR factorization, where
1 1

A=12 3

2 1

7.2.7.- Find the QR factorization of matrix

1 1 0
A=1(1 0 1
0 1 1
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7.3. FINITE DIFFERENCE METHOD

A differential equation is an equation where the unknown is a function and both the
function itself and its derivatives appear in the equation. The differential equation is called
linear iff the unknown function and its derivatives appear linearly in the equation. Solutions
of linear differential equations can be approximated by solutions of appropriate n x n alge-
braic linear systems in the limit that n approaches infinity. The finite difference method is
a way to obtain an n x n linear system from the original differential equation. Derivatives
are approximated by difference quotients, thus reducing a differential equation to an alge-
braic linear system. Since a derivative can be approximated by infinitely many difference
quotients, there are infinitely many n x n linear systems that approximate a differential
equation. One tries to choose the linear system whose solution is the best approximation of
the solution of the original differential equation. Computers are used to find the vector in R™
solution of the n X n linear system. Many approximations of the solution to the differential
equation are obtained from this array of n» numbers. One way to obtain a function from a
vector in R™ is to find a degree n polynomial that contains all these n points. This is called
a polynomial interpolation of the algebraic solution. In this Section we only show how to
obtain n x n algebraic linear systems that approximate a simple differential equation.

7.3.1. Differential equations. A differential equation is an equation where the unknown
is a function and both the function and its derivatives appear in the equation. A simple
example is the following: Given a continuously differentiable function f : [0,1] — R, find a
function w : [0,1] — R solution of the differential equation

du

To find a solution to a differential equation requires to perform appropriate integrations,
thus integration constants are introduced in the solution. This suggests that the solution of
a differential equation is not unique, and extra conditions must be added to the problem to
select only one solution. In the differential equation above the solutions u are given by

u(z) = /O £ dt+ o,

with ¢ € R. An extra condition is needed to obtain a unique solution, for example the
condition «(0) = 1. Then, the unique solution w is computed as follows

lzu(O)z/oof(t)dt—i—c = c=1 = u(m)z/jf(t)dt—i—l.

The example above is simple enough that no approximation is needed to obtain the solution.

An ordinary differential equation is a differential equation where the unknown function
u depends on one variable, as in the example above. A partial differential equation is a
differential equation where the unknown function depends on more than one variable and
the equation contains derivatives of more than one variable. In this Section we use the finite
difference method to find a solution to two different problems. The first one involves an
ordinary differential equation while the second one involves a partial differential equation,
called the heat equation.

The first problem is to find an approximate solution to a boundary value problem for an
ordinary differential equation: Given a continuously differentiable function f : [0,1] — R,
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find a function w : [0, 1] — R solution of the boundary value problem

d?u du
@)+ ) = f(w), (7)
u(0) = u(1) =0. (7.8)

Finding the function u involves doing two integrations that introduce two integration con-
stants. These constants are determined by the two conditions on x = 0 and = 1 above,
called boundary conditions, since they are conditions on the boundaries of the interval [0, 1].
Because of this extra condition on the ordinary differential equation this problem is called
a boundary value problem.

The second problem we study in this Section is to find an approximate solution to an
initial-boundary value problem for the heat equation: Given the set D = [0, 7] x [0,T], the
positive constant x, and infinitely differentiable functions f : D — R and g : [0,7] — R,
find the function v : D — R solution of the problem

ou 0%u
a(m,t) —K w(x,t) = f(=,1) (z,t) € D, (7.9)
u(0,t) = u(m,t) =0 t € 10,7, (7.10)
u(z,0) = g(x) x € [0, 7). (7.11)

The partial differential equation in Eq. ([C9) is called the one-dimensional heat equation,
since in the case that function u is the temperature of a material that depends on time t
and one spatial direction z, the equation describes how the material temperature changes
in time due to heat propagation. The positive constant « is called the thermal diffusivity of
the material. The condition given in Eq. (ZI0) is called a boundary condition, since they
are conditions on z = 0 and = = 7 that hold for all ¢ € [0,T], see Fig. The condition
given in Eq. (IT)) is called an initial condition, since it is a condition on the initial time
t =0 for all z € [0,7], see Fig. @A Because of these two extra conditions on the partial
differential equation this problem is called an initial-boundary value problem for the heat

equation.
T // /
u(0,t)=0 D u(77,t)=0
N /

' /
o) —" T

FIGURE 49. The domain D = [0,7] x [0,T] where the initial-boundary
value problem for the heat equation is set up. We indicate the boundary
data conditions u(0,t) = 0 and u(m,t) = 0, and the initial data function g.

7.3.2. Difference quotients. Finite difference methods transform a linear differential equa-
tion into an n x m algebraic linear system by replacing derivatives by difference quotients.
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Derivatives can be approximated by difference quotients in many different ways. For exam-
ple, a derivative of a function u can be expressed in the following equivalent ways,

du, . . u(r+ Az) - u(x)
AN A VA
o u(x) —u(r — Ax)
= o, Az ’
. u(z 4 Az) —u(x — Ax)
N Alggo 2Ax '

However, for a fixed nonzero value of Az, the expressions below are, in general, different.

Definition 7.3.1. The forward difference quotient d. and the backward difference
quotient d_ of a continuous function u: R — R at x € R are given by

doufa) = MEEED ) gy - MO W B0),

The centered difference quotient d. of a continuous function u at x € R is given by
u(z + Az) — u(x — Ax)
2Ax
In the case that the function u has second continuous derivative, the Taylor Expansion

Theorem implies that the forward and backward differences differ from the actual derivative
by terms order Az. The proof is not difficult, since

deu(x) =

. (7.12)

u(z + Azx) = u(z) + Z—Z(m) Az +0((A2)*) =  du(z)= Z—Z(w) + O(Az),
u(zr — Azx) = u(z) — Z—Z(m) Az +0((A2)*) =  dou(z)= Z—Z(x) + O(Ax),

where O((Az)™) denotes a function satisfying [O((Az)")]/(Az)" approaches a constant
as Az — 0. In the case that the function w has third continuous derivative, the Taylor
Expansion Theorem implies that the centered difference quotient differs from the actual
derivative by terms of order (Az)?. Again, the proof is not difficult, and it is based on the
Taylor expansion of the function u. Compute this expansion in two different ways,

du 1 d?u 9 3
u(z + Az) = u(z) + — () Az + = — (z) (Az)* + O((Az)?), (7.13)
dx 2 da?
du 1 d*u
u(z — Azx) = u(z) — %(x) Ax + B @(x) (Az)* +0((Ax)?), (7.14)
Subtracting the two expressions above we obtain that
u(z + Az) —u(x — Azx) = 2%(:0) Az +0((Az)?) =  dou(z)= Z—Z(x) +0((Az)?),

which establishes that centered difference quotients differ from the derivative by order (Ax)?.
If a function is infinitely continuously differentiable, centered difference quotients are more
accurate than forward or backward differences.

Second and higher derivatives of a function can also be approximated by difference quo-
tients. Again, there are infinitely many ways to approximate second derivatives by difference
quotients. The freedom to choose difference quotients is higher for second derivatives than
for first derivatives. We now present two difference quotients to give an idea of this freedom.
On the one hand, one possible approximation is to use the centered difference quotient twice,
since a second derivative is the derivative of the derivative function. Using the more precise
notation
u(z + Az) — u(x — Ax)

2Ax ’

depgu(z) =
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it is not difficult to check that (chx)Q = d.pz(doaz) is given by

1
(chm)Qu(x) = @A) [u(z + 2Az) + u(x — 2Az) — 2u(x)]. (7.15)
On the other hand, another approximation for the second derivative of a function can be ob-
tained directly from the Taylor expansion formulas in (TI3)-(714). Indeed, add Egs. (Z13)-

([T14)), that is,

d2
w(z + Az) + u(z — Az) = 2u(z) + d—;;(ac) (Az)? + O((Az)?).
This equation can be rewritten as
d*u u(x + Az) + u(z — Az) — 2u(x)
This equation suggests to introduce a second-order centered difference quotient (d?).a, as
(d?)cpzu(z) = @ [u(z + Az) + u(z — Az) — 2u(z)]. (7.16)
Using this notation, the equation above is given by
d2
d—;;(x) = (d?)cngu(z) + O(Am).

Therefore, both (dCAaj)2 and (d?).a, are approximations of the second derivative of a func-
tion. However, they are not the same approximation, since comparing Eqs. (Z.I5]) and (Z.16)
it is not difficult to see that
(dc(AQL’)/Q)Q = (d*)cas-

We conclude that there are many different ways to approximate second derivatives by dif-
ference quotients, many more ways than those to approximate first order derivatives. In
this Section we use the difference quotient in Eq. (ZI6), and we use the simplified notation
given by d2 = (d*).aq-

7.3.3. Method of finite differences. We now describe the finite difference method using
two examples. In the first example we find an approximate solution for the boundary value
problem in Eqs. ([C7)-(Z8). In the second example we find an approximate solution for the
initial-boundary value problem in Eqs. (Z9)-(Z.11).

ExampLE 7.3.1: Consider the boundary value problem for the ordinary differential equation

given in Egs. (T10)-([73).

(a) Divide the interval [0,1] into n > 1 equal intervals and use the finite difference method
to find a vector u = [u;] € R"*! that approximates the function u : [0,1] — R solution
of that boundary value problem. Use centered difference quotients to approximate the
first and second derivatives of the unknown function wu.

(b) Find the explicit form of the linear system in the case n = 6.

(¢) Find the degree n polynomial p, that interpolates the approximate solution vector
u = [u;] € R™"! which includes the boundary points.

SOLUTION:
Part (a): Fix a positive integer n € N, define the grid step size h = 1/n, and introduce
the uniform grid
{z:}, x; = th, 1=0,1,---,nm, on [0,1].

(See Fig. B0l) Introduce the numbers f; = f(x;). Finally, denote u; = u(z;). The numbers
x; and f; are known from the problem, and so are the uy = u(0) = 0 and u, = u(l) = 0,
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while the u; for i = 1,--- ;n — 1 are the unknowns. We now use the original differential
equation to construct an (n — 1) X (n — 1) linear system for these unknowns w;.

0=0/6 1/6 2/6 3/6 4/6 5/6 6/6=1

Ax=1/6 n=6 h=1/6=A x
FIGURE 50. A uniform grid for n = 6 on the domain [0, 1].

We use centered difference quotient given in Eqgs. (ZI2]) and (ZI6]) to approximate the first
and second derivatives of the function w, respectively. We choose Ax = h, and we denote
the difference quotients evaluated at grid points x; as follows,

dou(x;) = doug, d*u(x;) = d*u;.
Therefore, we obtain the following formulas for the difference quotients,

Uj41 — Uj—1

Uil +ui—1 — 2u;
2h ’ '

2, —
dcui = h2

dcui = (717)

Now we state the approximate problem we will solve: Given the constants {f; ?;11, find

the vector u = [u;] € R™*! solution of the (n — 1) x (n — 1) linear system and boundary
conditions, respectively,

Pu; +dou; = fi, i=1,--,n—1, (7.18)

ug = u, = 0. (7.19)

Eq. (TI8) is indeed a linear system for u = [u;], since it is equivalent to the system
(2 + h)uirr — 4u; + (2 — )iy = 2B%f;,  i=1,--- ,n—1.

When the boundary conditions in Eq. ((.I9)) are introduced in the equation above, we obtain
an (n — 1) x (n — 1) linear system for the unknowns u;, where ¢ =1,--- ,(n —1).

Part (b): In the case n = 6, we have h = 1/6, so we denote a =2 —1/6,b=2+1/6 and
¢ = 2/36. Also recall the boundary conditions uy = ug = 0. Then, the system above and
its augmented matrix are given by, respectively,

—4duy + bug = c¢ fi,

-4 b 0 0 0 cfi
auy — 4ug + bug = ¢ fo, a —4 b 0 0 cfo
aus —4us +bugy =cf3, < 0 -4 b 0 cf3
auz — duy + bus = ¢ fy, 0 0 a -4 b cfa

0 0 0 a —4 cfs

auy — 4us = c fs,

We then conclude that the solution u of the boundary value problem in Eq. (Z1) can be
approximated by the solution u = [u;] € R” of the 5 x 5 linear system above plus the two
boundary conditions. The same type of approximate solution can be found for all n € N.

Part (c): The output of the finite difference method is a vector u = [u;] € R(™*TY . An
approximate solution to the ordinary differential equation in Eqgs. ({77)) can be constructed
from the vector u in many different ways. One way is polynomial interpolation, that is,
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to construct a polynomial of degree n whose graph contains all the points (z;,u;). Such
polynomial is given by

pn(x)zzui%’(x); qi(x)znm.

i (@ =)

It can be verified that the degree n polynomials g; when evaluated at grid points satisfies

0 ifi#j,
qi(xj):{1 if § = .

Therefore, the polynomial p, has degree n and satisfies that p,(z;) = u;. This polynomial
function p,, approximates the solution u of the boundary value problem in Eqgs. (1)-(ZS8]).
<

ExXAMPLE 7.3.2: Consider the boundary value problem for the partial differential equation

given in Eqgs. (T9)-(Z1I). Use the finite difference method to find an approximate solution

of the function v : D — R solution of that initial-boundary value problem.

(a) Use centered difference quotients to approximate the spatial derivatives and forward
difference quotients to approximate time derivatives of the unknown function w.

(b) Repeat the calculations in part (a) now using backward difference quotients for the time
derivatives of the unknown function w.

SOLUTION:

Part (a): Introduce a grid in the domain D = [0, 7] x [0,7] as follows: Fix the positive
integers n,, ny € N, define the step sizes h, = 7/n, and hy = T/n:, and then introduce the
uniform grids

{z;}, x; = ihy, 1=0,1,--- ,ng, on [0, 7]
{t;}, t; = jhe, j=0,1,--- ny, on [0,7].

A point of the form (x;,t;) € D is called a grid point. (See Fig. [E1l)

(1)

e A e

n,=9 hy=77"19

F1GURE 51. A rectangular grid with n, = 9 and n; = 5 on the domain
D =1[0,7] x [0,T].

We will compute the approximate solution values at grid points, and we use the notation
u;; = u(x;,t;) and f; ; = f(x4,t;) to denote unknown and source function values at grid
points. We also denote g; = g(x;) for the initial data function values at grid points. In this
notation the boundary conditions in Eq. (ZI0) have the form g ; = 0 and u,, ; = 0. We
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finally introduce the forward difference quotient in time d,; and the second order centered
difference quotient in space d?, as follows,

_ Wi (j41) ~ Uiy 2 W1, UG-, — 2
d+tui7j = ht y dcxum' = h% .
Now we state the approximate problem we will solve: Given the constants f; ; and g;, for
1=0,1,--- ,np and j =0,1,--- ,ny, find the constants u; ; solution of the linear equations
and boundary conditions, respectively,

i — Kdzui g = fij, (7.20)
Uo,j = Un,,j =0, (7.21)
U0 = gi- (722)

This system is simpler to solve than it looks at first sight. Let us rewrite it in as follows,

1 K
hj(“zy(jﬂ) - um‘) T h2 (u(i+1),j tu-1),j — 2%1‘) = fij»

which is equivalent to the equation
wi, 1) = T (Uir)g + wa-1),5) + (1= 2r) uij +hefig, (7.23)

where r = kh,/h?,. This last equation says that the solution at the time ¢;4; can be
computed if the solution at the previous time ¢; is known. Since the solution at the initial
time tg = 0 is known an equal to g;, and since solution at the boundary of the domain uy_;
and u,_ ; is known from the boundary conditions, then the solution u; ; can be computed
from Eq. ((23]) time step after time step. For this reason the linear system in Eqs. (Z.20)-
[C22) above is an example of an explicit method.

Part (b): We now repeat the calculations in part (a) using a backward difference quotient
in time. We introduce the notation d_; for the backward difference quotient in time, and we
keep the notation d?, for the second order centered difference quotient in space,

Wi — Ui (o) 2 Wat1),j UG-, — 2Uiy
d_tui,j = T, dcxum- = hg .
Now we state the approximate problem we will solve: Given the constants f; ; and g;, for
1=0,1,--- ,nz and j =0,1,--- ,ny, find the constants u; ; solution of the linear equations
and boundary conditions, respectively,

dyuij — kd2uj = fij, (7.24)
Up,j = Un,,5 = 0, (725)
Ui,0 = gi- (726)

This system is simpler to solve than it looks at first sight. Let us rewrite it in as follows,

1 K

(i —wii-1) = 73 (Warn),; +uG-1)5 — 2uij) = fij,
h, h2
which is equivalent to the equation

(+2r)u; ; — T(U(iﬂ),j + u(ifl),j) = U (j—1) T hefi g, (7.27)

where r = rh,/h?%,, as above. This last equation says that the solution at the time ¢;;; can
be computed if the solution at the previous time ¢; is known. However, in this case we need
to solve an (n, —1) X (n, — 1) linear system at each time step. Such system is similar to the
one that appeared in Example[Z.3.]l Since the solution at the initial time ¢y = 0 is known an
equal to g;, and since solution at the boundary of the domain g ; and uy, ; is known from

the boundary conditions, then the solution w; ; can be computed from Eq. (Z.27) time step
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after time step. We emphasize that the solution is computed by solving an (n, —1) x (n, —1)
system at every time step. For this reason the linear system in Eqs. ((24)-([Z26]) above is
an example of an implicit method. <

What we have seen in this Section is just the first part of the story. We have seen
how we can use linear algebra to obtain approximate solutions of few problems involving
differential equations. The second part is to study how the solutions of the approximate
problems approaches the solution of the original problem as the grid step size approaches
zero. Consider the approximate solution u € R™*! found in Example [[(3.1l Does the
interpolation polynomial p,, constructed with the components of u approximate the function
u : [0,1] — R solution to the boundary value problem in Eq. (Z1) in the limit n — oco?
A similar question can be asked for the solutions {u; ;} obtained in parts (b) and (c) in
Example We will study the answers to these questions in the following Chapters.

One last remark is the following. Comparing parts (a) and (b) in Example [[.3.2] we see
that explicit methods are simpler to solve than implicit methods. A matrix must be inverted
to solve an implicit method, while this is not needed to solve an explicit method. So, why
are implicit methods studied at all? The reason is that in the limit n — oo the approximate
solutions of explicit methods do not approximate the solution of the original differential
equation as good as a solution of an implicit method. Moreover, the solution of an explicit
method may not converge at all, while the solutions of implicit methods always converges.

Further reading. See Section 1.4 in Meyer’s book [3] for a detailed discussion on dis-
cretizations of two-point boundary values problems.
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7.3.4.- Consider the boundary value prob-

lem for the function u given by

du
u(0) =0, wu(l)=0,
z € [0,1].

Divide the interval [0, 1] into five equal
subintervals and use the finite difference
method to find an approximate solution
vector u = [u;] to the boundary value
problem above, where ¢ = 0,--- ,5. Use
centered difference quotients given in
Eq. (ZI7) to approximate the deriva-
tives of function wu.

7.3.2.- Given an infinite differentiable func-

tion u : R — R. apply twice the forward
difference quotient d. to show that the
second order forward difference quotient
has the form

dfu(m) =
u(x 4+ 2Ax) — 2u(z + Ax) + u(x)
(Az)? '

7.3.3.- Given an infinite differentiable func-

tion u : R — R. apply twice the back-
ward difference quotient d. to show that
the second order backward difference
quotient has the form

d*u(x) =
u(z) — 2u(z — Azx) + u(x — 2Ax)
(B2)?

lem given in the Exercise 7.3[1 Di-
vide again the interval [0,1] into five
equal subintervals and find the 4 x 4 lin-
ear system that approximates the orig-
inal problem using forward difference
quotients to approximate derivatives of
function u. You do not need to solve
the linear system.

7.3.5.- Consider the boundary value prob-

lem given Problem 7.3[1l Divide again
the interval [0, 1] into five equal subin-
tervals and find the 4 X 4 linear system
that approximates the original problem
using backward difference quotients to
approximate derivatives of function w.
You do not need to solve the linear sys-
tem.

7.3.6.- Consider the boundary value prob-

lem for the function u given by

d*u du
@(m) + 2%(17) =25z,
u(0) =0, u(l)=0,
z € [0,1].

Divide the interval [0, 1] into five equal
subintervals and use the finite differ-
ence method to find an algebraic lin-
ear system that approximates the origi-
nal boundary value problem above. Use
centered difference quotients given in
Eq. (ZI7) to approximate derivatives of
function u. You do not need to solve the
linear system.
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7.4. FINITE ELEMENT METHOD

The finite element method permits the computation of approximate solutions to dif-
ferential equations. Boundary value problems involving a differential equations are first
transformed into integral equations. The boundary conditions are included into the inte-
gral equation by performing integration by parts. The original problem is transformed into
inverting a bilinear form on a vector space. The approximate problem is obtained when
the integral equation is solved not on the whole vector space but on a finite dimensional
subspace. By a careful choice of the subspace, the calculations needed to obtain the approx-
imate solution can be simplified. In this Section we study the same differential equations
we have seen in Sect. when we described the finite difference methods. Finite differ-
ence methods are different form finite element methods. The former method approximates
derivatives by difference quotients in order to obtain the approximate problem involving an
algebraic linear system. The latter method produces an algebraic linear system by restrict-
ing an integral version of the original differential equation onto a finite dimensional subspace
of the original vector space where the integral equation is defined.

7.4.1. Differential equations. We now recall the boundary value problem we are inter-
ested to study. This is the first problem we studied in Sect.[Z3] that is, to find an approxi-
mate solution to a boundary value problem for an ordinary differential equation: Given an
infinitely differentiable function f : [0,1] — R, find a function w : [0,1] — R solution of the
boundary value problem

d?u du
@(95) + %(l’) = f(x), (7.28)
u(0) = u(l) = 0. (7.29)

Recall that finding the function u involves doing two integrations that introduce two in-
tegration constants. These constants are determined by the two conditions on x = 0 and
x = 1 above, called boundary conditions, since they are conditions on the boundaries of
the interval [0, 1]. Because of this extra condition on the ordinary differential equation this
problem is called a boundary value problem.

This problem can be expressed using linear transformations on vector spaces. Consider
the inner product spaces (V, <,>) and (W, (,)), where V' = C§°([0,1],R) is the space of
infinitely many differentiable functions that vanish at © = 0 and z = 1, W = C*([0, 1], R)
is the space of infinitely many differentiable functions, while the inner product is defined as

<fag>=/0 f(x)g(x)dz.

Introduce the linear transformation L : V' — W defined by

B v dv

Tt

Then, the boundary value problem in Eqs. (Z28)-(Z.29]) can be expressed in the following
way: Given a vector f € W, find a vector u € V solution of the equation

L(u) = f. (7.30)

Notice that the boundary conditions in Eq. ((29) have been included into the definition of
the vector space V. The problem defined by Eqs. (T28)-(729]), which is equivalently defined
by Eq. ({30), is called the strong formulation of the problem.

So, we have expressed a boundary value problem for a differential equation in terms of
linear transformations between appropriate infinite dimensional vector spaces. The next
step is to use the inner product defined on V' and W to transform the differential equation

L(v)



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 243

in (Z30) into an integro-differential equation, which will be called the weak formulation of
the problem. This idea is summarized below.

7.4.2. The Galerkin method. The Galerkin method refers to a collection of ideas to
transform a problem involving a linear transformation between infinite dimensional inner
product spaces into a problem involving a matrix as a function between finite dimensional
subspaces. We describe in this Section the original idea, introduced by Boris Galerkin
around 1915. Galerkin worked only with partial differential equations, but we now know
that his idea works in the more general context of a linear transformation between infinite
dimensional inner product spaces. For this reason we describe Galerkin’s idea in this more
general context. The Galerkin method is to transform the strong formulation of the problem
in (Z30) into what is called the weak formulation of the problem. This transformation is
done using the inner product defined on the infinite dimensional vector spaces. Before we
describe this transformation we need few definitions.

7.4.3. Finite element method.
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7.4.4. Exercises.

7.4.1.- . 7.4.2.- .
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CHAPTER 8. NORMED SPACES

8.1. THE p-NORM

An inner product in a vector space always determines an inner product norm, which
satisfies the properties (@)-(@) in Theorem [6.25] However, the inner product norm is not
the only function V' — R satisfying these properties.

Definition 8.1.1. A norm on a vector space V' over the field F is any function function
'l : V= R satisfying the following properties,

(a) (Positive definiteness) For all x € V holds ||z|| > 0, and ||| =0 iff = 0;

(b) (Scaling) For all x € V and all a € F holds ||ax|| = |a| ||2||;

(c) (Triangle inequality) For all , y € V holds ||z + y|| < ||| + | yl|.

A normed space is a pair (V.|| ||) of a vector space with a norm.

The inner product norm, ||z|| = \/{x, ) for all € V, defined in an inner product space
(V, {, >), is thus an obvious example of a norm, since it satisfies the properties (@)-(@) in
Theorem [6.2.5] which are precisely the conditions given in Definition RI.Il It is important
to notice that alternative norms exist on inner product spaces. Moreover, a norm can be
introduced in a vector space without having an inner product structure. One particularly
important example of the former case is given by the p-norms defined on V' = F".

Definition 8.1.2. The p-norm on the vector space F™, with 1 < p < oo, is the function
I [, : F* — R defined as follows,

1
Il = (2P =+ fal?) 7, pe[L.0o).
||X||O<>:max{|xl|a"' ,|l‘n|}, (pzoo),
with x = [z;], fori=1,--- ,n, the vector components in the standard ordered basis of F™.
Since the dot product norm is given by [|x|| = (|z1[* 4+ -+ + |gcn|2)1/27 it is simple to see
that || || = || ||z, that is, the case p = 2 coincides with the dot product norm on F". The

most commonly used norms, besides p = 2, are the cases p =1 and p = oo,
Ixlle = fa1] + -+ lwal,  [x[oo = max{fa],--- 2]}

Theorem 8.1.3. For each value of p € [1,00] the p-norm function || ||, : F* — R introduced
in Definition[8. 1.9 is a norm on F™.

The Theorem above states that the function || ||, satisfies the properties (@)-(@) in Defi-
nition Bl Therefore, for each value p € [1,00] the space (F™, | ||,)) is a normed space. We
will see at the end of this Section that in the case p € [1, 0] and p # 2 these norms are not
inner product norms. In other words, for these values of p there is no inner product (,),
defined on F™ such that || ||, = v/(,)p-

In order to prove that the p-norm is indeed a norm, we first need to establish the following
generalization of the Cauchy-Schwarz inequality, called Holder inequality.

Theorem 8.1.4. (Holder inequality) For all vectors x, y € F™* and p € [1,00) holds that
* . 1 1
bV < ixllp lyllg, - with 4 2 =1 (8.1)

Proof of Theorem [B.1.4t We first show that for all real numbers a > 0, b > 0 holds
A< (1 -N)b+Aa  A€[0,1]. (8.2)
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This inequality can be shown using the auxiliary function
f) = (1 =X+t -t
Its derivative is f/(t) = A[1 — t*~1)], so the function f satisfies
f(1)y=o, ) >0 for ¢>1, f(t)<0 for 0<t<1.

t
0, b > 0, we have

AR\

We conclude that f(t) > 0 for ¢ € [0,00). Given two real numbers a
proven that f(a/b) > 0, that is,

A
ZT < (14)“% s M<K (1 - Nb+ Aa
Having established Eq. (82), we use it to prove Holder inequality. Let x = [z;], y = [y,] € F"
be arbitrary vectors, where 7,7 = 1,--- ,n, and introduce the rescaled vectors
1 1
f= = g=-7 -1

X[l Iyle” p q
These rescaled vectors satisfy that |||, = 1 and ||y||; = 1. Denoting x = [&;] and y = [g],
use the inequality in Eq. (82) in the case that a = 2;, b = §; and A = 1/p, as follows,

Fati| = ( |24 )% ( |yi|? )1*%
(2> 4% n n
Zj:l |25[P Zj:l Y514
|a |p
()
p Zj:l |yl p Zj:l |5[P
1 1
< 5l + = 127
q p

Adding up over all components,

n

— 1 1 1 1 1 1
R N L b e
; 1J q 1 p K3 q q p D q p
Therefore, |%*y| < 1, which is equivalent to

*

X y ‘ *
<1 & Xy < Xl llyllg:
Ixll» llyllq S
This establishes the Theorem. O

The Holder inequality plays an important role to show that the p-norms satisfy the

triangle inequality. We saw the same situation when the Cauchy-Schwarz inequality played
a crucial role to prove that the inner product norm satisfied the triangle inequality.
Proof of Theorem RB.I.3t We show the proof for p € [1,00). The case p = oo is left as
an exercise. So, we assume that p € [1,00), we introduce ¢ by the equation % + % = 1.
In order to show that the p-norm is a norm we need to show that the p-norm satisfies the
properties (@)- (@) in Definition 8 TIl The first two properties a simple to prove. The p-norm
is positive, since for all x € F™ holds

n 1 n 1
Hx|\p:(§:|xi|p>p>0, and (§:|xi|1’)f’:o & Jul=0 & x=0.
: -

1= 1=

The p-norm satisfies the scaling property, since for all x € F” and all a € F holds

p p p
Jaxlly = (3 lazal?) " = (3 lal i) = (lal” - leal?) " = lal ]
i=1 i=1 i=1
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The difficult part is to establish that the p-norm satisfies the triangle inequality. We start
proving the following statement: For all real numbers a, b holds

la+ 0[P < |al |a+b|% + [b]|a + b|7. (8.3)
This is indeed the case, since
1 1 -1
la +b|P = |a+0b||a+0bP"!, and So1o-=2T0 o B:pfl,
q p p q

so we conclude that
la+b] = |a+blla+bs < (la] + [b]) |a+b|7,

which is the inequality in Eq. (83]). This inequality will be used in the following calculation.
Given arbitrary vectors x = [z;], y = [y;] € F", for i = 1,--- ,n, the following inequalities
hold

I+l =" e+ gl <7 (Il [+ w2l + [yl e + 92l ). (8.4)

i=1 i=1
where Eq. (83]) was used to obtain the last inequality. Now the Holder inequality implies
both

Q=

n n 1 n
S il i+ il % < (3 ll?) " (3 s+ wil?)
=1 i=1 =1

n n n

1 1
Sl + il < (S lwl?) " (3l wil) "

i=1 i=1 i=1
Inserting these expressions in Eq. (84]) we obtain

P
q

b+ ylI5 < Il (I +yll) * + yllp (I + yllp) 7

Recalling that % = p — 1, we obtain the inequality

I+ yli5 < (xllp + Ivll) Ix+yIPY e lxt vl < lixlp + llyllp-

This establishes the Theorem for p € [1, 00). |
1
ExaMPLE 8.1.1: Find the length of x = | 2| in the norms || ||1, || ||2 and || ||co-
-3

SOLUTION: A simple calculations shows,
[Ix[[x = 1] + 2] + | = 3] = 6,
IXll2 = [12 4+ 2% + (=3)2] /% = V14 = 3.74,
[x[loo = max{[1],[2[,] - 3|} = 3.
Notice that for the vector x above holds
Ixlloo < lIx]l2 < lIx]1- (8.5)

One can prove that the inequality in Eq. (83]) holds for all x € F™. <

EXAMPLE 8.1.2: Sketch on R? the set of vectors B, = {x € R? : |[x||, = 1} for the cases
p=1,p=2,and p = .
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Z1

SOLUTION: Recall we use the standard basis to express x = [ ] . We start with the set Ba,

]
which is the circle of radius one in Fig. B2 that is,

(21)% + (22)* = 1.
The set Bj is the square of side one given by
|.’L‘1| + |.T2| =1.

The sides are given by the lines +z; + zo = 1. See Fig. The set By, is the square of
side two given by
max{|z1], |z2|} = 1.

The sides are given by the lines 1 = £1 and z2 = £1. See Fig.

-1 1 X _1\/1 Xy -1 1 X

FIGURE 52. Unit sets in R? for the p-norms, with p = 1,2, 0o, respectively.

EXAMPLE 8.1.3: Show that for every x € R? holds

[Ixlloo < [Ixll2 < [Ix]]1-

SOLUTION: Introducing the unit disks D, = {x eR? : x|, < 1}, with p = 1,2, 0o, then
Fig. 53] shows that D; C Dy C Do. Let us choose y € R? such that |ly||s = 1, that is, a
vector on the circle, for example the vector given in second picture in Fig. Since this
vector is outside the disk Dy, that implies ||y|[1 > 1, and since this vector is inside the disk
D, that implies ||y|lcoc < 1. The three conditions together say

I¥lloo < llyll2 < Iyl

The equal signs correspond to the cases where y is a horizontal or a vertical vector. Since
any vector x € R? is a scaling of an appropriate vector y on the border of Dy, that is, x = cy,
with 0 < ¢ € R, then, multiplying the inequality above by ¢ we obtain

IXlloo < lIxllz < lIxlls, ¥ xeR2
<

The p-norms can be defined on infinite dimensional vector spaces like function spaces.
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X X
2 2
1 1
/ y
-1 1 X —1& 1 X
-1 -1

FIGURE 53. A comparison of the unit sets in R? for the p-norms, with p = 1, 2, cc.

Definition 8.1.5. The p-norm on the vector space V = C*([a,b],R), with 1 < p < oo, is
the function || ||, : V — R defined as follows,

b /
i1, = ([ 1£@par) " pe L oo)
Il = max ()], (0= o0).

One can show that the p-norms introduced in Definition B.I1.5] are indeed norms on the
vector space C*([a,b],R). The proof of this statement follows the same ideas given in the
proofs of Theorems [R.1.4] and [R.1.3] above, and we do not present it in these notes.

ExAMPLE 8.1.4: Consider the normed space (C°([—1,1],R),|| ||,) for any p € [1,00] and
find the p-norm of the element f(z) = .

SOLUTION: In the case of p € [1,00) we obtain

= [ = [ =2t 2= (2
= zPdr = P dx = = = :
S 0 (p+1)lo p+1 Po\p+1

In the case of p = 0o we obtain

[Flloe = max |z] = [fllc =1
z€[—1,1]

Relations between the p-norms of a given vector f analogous to those relations found in

Example are not longer true. The volume of the integration region, the interval [a, b],

appears in any relation between p-norms of a fixed vector. We do not address such relations

in these notes. <

8.1.1. Not every norm is an inner product norm. Since every inner product in a
vector space determines a norm, the inner product norm, it is natural to ask whether the
converse property holds: Does every norm in a vector space determine an inner product?
The answer is no. Only those norms satisfying an extra condition, called the parallelogram
identity, define an inner product.



250 G. NAGY —- LINEAR ALGEBRA juLy 15, 2012

Definition 8.1.6. A norm || || in a vector space V satisfies the polarization identity iff
for all vectors x, y € V holds

lz+ ylI* + llz— yll* =2 (|l2l* + |y]*)-

The polarization identity (also referred as parallelogram identity) is a well-known property
of the dot product norm, which is geometrically described in Fig.[B4lin the case of the vector
space R2. Tt turns out that this property is crucial to determine whether a norm is an inner
product norm for some inner product.

Iyl

FIGURE 54. The polarization identity says that the sum of the squares of
the diagonals in a parallelogram is twice the sum of the squares of the sides.

Theorem 8.1.7. Given a normed space (V|| ||), the norm || || is an inner product norm
iff the norm || || satisfies the polarization identity.

It is not difficult to see that an inner product norm satisfies the polarization identity; see
the first part in the proof below. It is rather involved to show the converse statement. If
the norm || || satisfies the polarization identity and V is a real vector space, then one shows
that the function (,) : V x V' — R given by

1
(@ y) = 7 (lz+ ylI> =z —yl?)
is an inner product on V'; in the case that V is a complex vector space, then one shows that
the function (,) : V x V — C given by
1 i . ,
(@ y) =7 (lz+ ylI> = llz—yl?) + 7 U=+ iyll” — |z —iyll*)

is an inner product on V.
Proof of Theorem [8.1.7}

(=) Consider the inner product space (V,(,)) with inner product norm || ||. For all
vectors x, y € V holds

lz+ 9yl = (z+v), (+y) = |=]* + (=, v) + (v, 2) + [|y]*,
lz—yl* = (x—v), (@—v)) = |2]* - (z,9) — (v, @) + [|y]*.
Adding both equations above up we obtain that
2+ 9l + llz— oll* =2 (1] + l|yl?)-

(<) We only give the proof for real vector spaces. The proof for complex vector spaces
is left as an exercise. Consider the normed space (V, | ||) and assume that V' is a real vector
space. In this case, introduce the function (,) : V x V — R as follows,

1
(@y) =7 (lz+yl* = == ol).
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Notice that this function satisfies (z, 0) = 1 (||z]|* — ||@||*) = 0 for all z € V. We now show
that this function (,) is an inner product on V. It is positive definite, since

1
(@ @) = 7 [12a]* = ||l|”
and the norm is positive definite, so we obtain that
(g,z) 20, and (r,z)=0 < z=0.

The function (,) is symmetric, since

(ly+ al* — lly — «ll*) = (y, ).

| =

1
(@y) = 7 (lz+ oll* = |z l*) =

The difficult part is to show that the function (,) is linear in the second argument. Here is
where we need the polarization identity. We start with the following expressions, which are
obtained from the polarization identity,

le+y+ 2" + e+ y— 2* = 22+ y|* + 2| 2%,

lz—y+ 2]+ [lz— y— 2> = 2]z — ylI* + 2| 2I*.
If we subtract the second equation from the first one, and ordering the terms conveniently,
we obtain,

[+ (y+ 22 = 2= (y+ 22| + 1+ (y= DI - o= (= 22| =2 [l}z+9l]* - ]2~ yi]?
which can be written in terms of the function (,) as follows,

(2, (y+2) + (2. (y— 2)) = 2=, y). (8.6)

Several relations come from this equation. For the first relation, take y = z, and recall that
(z, 0) = 0, then we obtain

(z,2y) = 2(z, y). (8.7)
The second relation derived from Eq. (8.0) is obtained renaming the vectors y+ z = u and
Yy — z = v, that is,
u+v
WO o ut v,
where the equation on the far right comes from Eq. (87). We have shown that for all z, u,
v €V holds

(@,u) + (2. ) = 2(,

(z, (u+v)) = (z,w) + (z,v)
which is a particular case of the linearity in the second argument property of an inner
product. We only need to show that for all &, y € V and all ¢ € R holds
(z,ay) = a (z,y).

We have proven the case a = 2 in Eq. (87])). The case a = n € N is proven by induction: If
(z,ny) = n(x, y), then the same relation holds for (n + 1), since

(@, (n+1)y) = (z, (ny+ y))

= (z,ny) + (=, y)
n(z,y) + (z, y)
=(n+1){xvy).

The case a = 1/n with n € N comes from the relation

1

o= (et mnlmle) = (el L,

n
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These two cases show that for any rational number a = p/q € Q holds

(2.29) = o (2 c) = L (ww). (33)

Finally, the same property holds for all a € R by the following continuity argument. Fix
arbitrary vectors x, y € V and define the function f : R — R by

a— f(a) = (z,ay).
We left as an exercise to show that f is a continuous function. Now, using Eq. [B38]) we
know that this function satisfies

fl@=af(l) VaeQ
Let {ar}72,; C Q be a sequence of rational numbers that converges to a € R. Since f is a

continuous function we know that limy_.o f(ar) = f(a). Since the sequence is constructed
with rational numbers, for every element in this sequence holds

flak) = ax f(1)
which implies that
Jim f(ax) = (lim ax) f(1) = a f(1).
So we have shown that for all @ € R holds f(a) = a f(1), that is,

(z,ay) = a(x,y).
Since x, y € V are fixed but arbitrary, we have shown that the function (,) in linear in the
second argument. We conclude that this function is an inner product on V. This establishes
the Theorem in the case that V is a real vector space. ]

ExXAMPLE 8.1.5: Show that for p # 2 the p-norm on the vector space F™ introduced in
Definition B.1.2] does not satisfy the polarization identity.

SOLUTION: Consider the vectors e; and es, the first two columns of the identity matrix I,,.
It is simple to compute,

ler +e2ll3 = 227, Jler —eallp =227, lea]] = [leal; =1

therefore,
p+2

lex +e2llp + e —ealp =275 and  2([les7 + lle2ll7) = 4.

We conclude that the p-norm satisfies the polarization identity only in the case p =2. <

8.1.2. Equivalent norms. We have seen that a norm in a vector space determines a notion
of distance between vectors given by the norm distance introduced in Definition The
notion of distance is the structure needed to define the convergence of an infinite sequence
of vectors. A sequence of vectors {;}$2; in a normed space (V, | ||) converges to a vector
zeViff

lim ||z — x| =0,

k—oo

that is, for every € > 0 there exists n € N such that for all £ > n holds that ||z — x| < e.
With the notion of convergence of a sequence it is possible to introduce concepts like the
continuous and differentiable functions defined on the vector space. Therefore, the calculus
can be extended from R" to any normed vector space.

We have also seen that there is no unique norm in a vector space. This implies that there
is no unique notion of norm distance. It is important to know whether two different norms
provide the same notion of convergence of a sequence. By this we mean that every sequence
that converges (diverges) with respect to one norm distance also converges (diverges) with
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respect to the other norm distance. In order to answer this question it is useful the following
notion.

Definition 8.1.8. The norms || ||, and || ||» defined on a vector space V' are called to be
equivalent iff there exist real constants K > k > 0 such that for all x € V' holds

kllly < llafla < K 2.

It is simple to see that if two norms defined on a vector space are equivalent, then they
have the same notion of convergence. What it is non-trivial to prove is that the converse
also holds. Since two norms have the same notion of convergence iff they are equivalent, it
is important to know whether a vector space can have non-equivalent norms. The following
result addresses the case of finite dimensional vector spaces.

Theorem 8.1.9. IfV is a finite dimensional, then all norms defined on 'V are equivalent.

This result says that there is a unique notion of convergence in any finite dimensional
vector space. So, functions that are continuous or differentiable with respect to one norm
are also continuous or differentiable with respect to any other norm. This is not the case
of infinite dimensional vector spaces. It is possible to find non-equivalent norms on infinite
dimensional vector spaces. Therefore, functions defined on such a vector space can be
continuous with respect to one norm and discontinuous with respect to the other norm.
Proof of Theorem Let || ||« and || ||» be two norms defined on a finite dimensional
vector space V. Let dimV = n, and fix a basis V = {vy, -+ ,v,} of V. Then, any vector
x € V can be decomposed in terms of the basis vectors as

T=T1V1+ -+ TpUy.

Since || ||o is a norm, we can obtain the following bound on |||, for every € V in terms

of (31, |zi]) as follows.

[#lla = llz1vr + -+ + Znonla

<zl llvilla + -+ 2] |vnlla

n
< (|$1|++‘xn|) Gmax = ||:L'||a < (Z‘mz‘) Gmax-
1=1

where amax = max{||vi||a, -, ||vnlla}. A lower bound can also be found as follows. Intro-
duce the set

Sz{@déF”:ﬁéﬁﬂzl}cFﬂ
i=1

and then introduce the function f, : S — R as follows

fullid]) = HZ“

a

Since function f, is a continuous and defined on a closed and bounded set of F”, then f,
has attains a maximum and a minimum values on S. We are here interested only in the
minimum value. If [§;] € S is a point where f, takes its minimum value, let let us denote

fa([?l]) = OGmin-
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Since the norm || ||, is positive, we know that amyi, > 0. The existence of this minimum
value of f, implies the following bound on ||z||, for all € V, namely,

n
zlla = HZ Ziv;
i=1 @

(ZJ 1125 )
(Z _1 175 ) HZZ:E"U’

:<Z|x1>HZ|:( j 1|])}'vi
= <§;|le) Hixz v;
- (i: |33j|) fo(@]) = e > (zn: |xj‘) M

j=1 j=1

a

a

Summarizing, we have found real numbers @myax = amin > 0 such that the following inequal-
ity holds for all z € V,

n n
Gmin € X [|Z)e Zj|) AGmax-
5] ) < ll2lla < |z
j=1 =1

Since no special property of norm || ||, has been used, the same type of inequality holds
for norm || ||, that is, there exist real numbers byax = bmin > 0 such that the following
inequality holds for all x € B,

buin (2 las1) < llally < (30 Ia5]) b
j=1 j=1

These inequalities imply that norms || ||, and || ||, are equivalent, since

Qi b - " bimi a
lally 72 < 2 amin (- lagl) < lalle < (O lo5]) tmas g < T2 |
max J:1 ]:1 min min

max

(Start reading the inequality form the center, at |||, and first see the inequalities to
the right; then go to the center again and read the inequalities to the left.) Denoting
k = Gmin/bmax and K = amax/bmin, we have obtained that

Ellzlp < ||zlle < Klzly, VzeV
This establishes the Theorem. 0
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8.1.3. Exercises.

8.1.1.- Consider the vector space C* and for
p = 1,2, 00 find the p-norms of the vec-

tors
2 141
|1 Y
Tl YT
—2 44
8.1.2.- Determine which of the following
functions || || : R* — R defines a norm
on R?. We denote x = [z;] the com-

ponents of x in a standard basis of R2.
Justify your answers.

(a) [Ix[| = |zl;

(d) [Ixll = |z + @2l;

(©) [IXIl = [z1]? + |a2]*;

(d) [Ix[] = 2[z1] + 3|z2].

8.1.3.- True or false? Justify your answer:
If || |« and || ||o are two norms on a
vector space V, then || || defined as

Iz = ll#lla +[l2fy VzecV

is also a norm on V.

8.1.4.- Consider the space P2([0,1]) with
the p-norm

fal = ([ taw as)*

for p € [1,00). Find the p-norm of
the vector g(x) = —3x2. Also find the
supremum norm of g, defined as

so = IMa x)|.
llqll nax lg(z)]
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8.2. OPERATOR NORMS

We have seen that the space of all linear transformations L(V, W) between the vector
spaces V and W is itself a vector space. As in any vector space, it is possible to define
norm functions || || : L(V, W) — R on the vector space L(V,W). For example, We will see
that in the case where V = F” and W = F™, one of such norms is the Frobenius norm,
which is the inner product norm corresponding to the Frobenius inner product introduced
in Section More precisely, the Frobenius norm is given by

1Az = V(A A) F VA eF™™

It is simple to see that

Al = y/tr (A*A) = (ii |Aij|2)%-

i=1 j=1

However, in the case where V' and W are normed spaces with norms || ||, and || ||, there
exists a particular norm on L(V,W) which is induced from the norms on V and W. This
induced norm can be defined on elements L(V, W) by recalling that the element T' € L(V, W)
as a function T': V — W.

Definition 8.2.1. Let (V.| |v) and (W, | |) be finite dimensional normed spaces. The
induced norm on the space L(V, W) of all linear transformations T : V — W is a function
[+ LV, W) = R given by
T[] = max |[T(2)]]..
llellv=1
In the particular case that V.=W and || ||, = || llw = || ||, the induced norm on L(V) is
called the operator norm, and is given by
IT|| = max || T(2)]].
llzll=1
The definition above says that given arbitrary norms on the vector spaces V and W,
they induce a norm on the vector space L(V, W) of linear transformations T: V — W. A
particular case of this definition is when V' = F"™ and W = F™, we fix standard bases on V'
and W, and we introduce p-norms on these spaces. So, the normed spaces (IF”, I ||p) and
(F™, || l¢) induce a norm on the vector space F™" as follows.

Definition 8.2.2. Consider the normed spaces (F",|| ||,) and (F™,|| |l), with p,q € [1,00].
The induced (p,q)-norm on the space L(F™ F™) is the function || ||p.q : L(F™, F™) — R

X
given by
1 Tlq = mox, TGOl ¥ T LE™E™),
x||p=
In the particular case of p = q we denote || ||pp = || ||p- In the case p = q and n = m the

induced norm on L(F™) is called the p-operator norm and is given by
[T]lp = max [T(x)[, VTeLE").
lIxllp=1
In the case p = ¢ above we use the same notation || ||, for the p-norm on F", the (p,p)-

norm on L(F™ F™) and the p-operator nor in L(F"). The context should help to decide
which norm we use on every particular situation.

EXAMPLE 8.2.1: Consider the particular case V = W = R? with standard ordered bases
and the p = 2 norms in both, V and W. In this case, the space L(IR?) can be identified with



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 257

the space R??2 of all 2 x 2 matrices. The induced norm on R?2, denoted as || || and called
the operator norm, is the following:
Al = max ||Ax]|2, vV A € R?2,
lIxll2=1

The meaning of this norm is deeply related with the interpretation of the matrix A as a
linear operator A : R? — R2. Suppose that the action of the operator A on the unit circle
(B2 in the notation of Example BI.2) is given in Fig. Then the value of the operator
norm ||Al|z is the size measured in the 2-norm of the maximum deformation by A of the unit
circle.

Y

i e i
A

FIGURE 55. Geometrical meaning of the operator norm on R%*? induced
by the 2-norm on R2.

<

EXAMPLE 8.2.2: Consider the normed space (R?, || [|2), and let A : R? — R? be the matrix

A 0 .
A= |: 011 A22:| with |A11‘ 75 ‘A22|.

Find the 2-operator norm induced on A.
SOLUTION: Since the norm on R? is the 2-norm, the induced norm on A is given by

[All2 = max [|Ax]|;.
lIxll2=1
We need to find the maximum of ||Ax||2 among all x subject to the constraint ||x|2 = 1.
So, this is a constrained maximization problem, that is, a maxima-minima problem where
the variable x is restricted by a constraint equation. In general, this type of problems can
be solved using the Lagrange multipliers method. Since this example is simple enough, we
solve it in a simpler way. We first solve the constraint equation on x, and we then find the
maxima of ||Ax||2 among these solutions only. The general solution of the equation

IXl2=1 & (21)®+22)*=1
is given by

x(0) = [zfsgg))} with 6 € [0, 27).

Introduce this general solution into ||Ax|2 we obtain

Al = v/(411)2 cos?(6) + (422)2 sin (9)
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Since the maximum in 6 of the function ||Ax||2 is the same as the maximum of ||Ax||3, we
need to find the maximum on 6 of the function f(6) = ||Ax(6)||3, that is,

£(0) = (A11)? cos?(0) + (Azs)?sin?(h).
The solution is simple, find 6 solutions of

f’(@) == %(9) =0 = 2[—(1411)2 + (A22)2] 5111(0) COS(Q) =0.

Since we assumed that |A11| # |Agz|, then
sin(@) =0 = 6;=0, 0,=m,
3
cos() =0 = 03= g, 0, = ?ﬂ
We obtained four solutions for 8. We evaluate f at these solutions,
T 3T

f(0) = f(m) = (An)?, f(g) = f(j) = (A)*.

Recalling that ||Ax(0)|l2 = v/ f(#), we obtain
IAll2 = max{|A11], | A2z |}.
<

It was mentioned in Example [8.2.2] above that finding the operator norm requires solving
a constrained maximization problem. In the case that the operator norm is induced from a
dot product norm, the constrained maximization problem can be solved in an explicit form.

Proposition 8.2.3. Consider the vector spaces R™ and R™ with inner product given by the
dot products, inner product norms || ||2, and the vector space L(R™,R™) with the induced

2-norm.
IAl> = max [[Ax]s ¥ A€ L(R",R™).

[Ixll2=

Introduce the scalars A\; € R, withi=1,--- ,k < n, as all the roots of the polynomial
p(A) = det(ATA = \l,).

Then, all scalars \; are non-negative real numbers and the induced 2-norm of the transfor-
mation A is given by
[Al2 = max{A, -+, A}

Proof of Proposition B.2.3t Introduce the functions f : R™ — R and ¢ : R* — R as
follows,

f(x) = |AX|13 = (Ax) - (Ax) =x"ATAx, g(x) = [|x[|3 = x-x = x"x.
To find the induced norm of T is then equivalent to solve the constrained maximization
problem: Find the maximum of f(x) for x € R™ subject to the constraint g(x) = 1. The
vectors x that provide solutions to the constrained maximization problem must we solutions
of the Euler-Lagrange equations

Vf=AVyg (8.9)
where A € R, and we introduced the gradient row vectors
of of 9g 9g
Vi= |-t ... | vf=|2L ... 22
! [axl an} ! [8901 0xy,

In order to understand why the solution x must satisfy the Euler-Lagrange equations above
we need to recall two properties of the gradient vector. First, the gradient of a function
f: R" — R is a vector that determines the direction on R™ where f has the maximum
increase. Second, which is deeply related to the first property, the gradient vector of a
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function is perpendicular to the surfaces where the function has a constant value. The
surfaces of constant value of a function are called level surfaces of the function. Therefore,
the function f has a maximum or minimum value at x on the constraint level surface g =1
if Vf is perpendicular to the level surface ¢ = 1 at that x. (Proof: Suppose that at a
particular & on the constraint surface g = 1 the projection of V f onto the constraint surface
is nonzero; then the values of f increase along that direction on the constraint surface; this
means that f does not attain a maximum value at that x on g = 1.) We conclude that both
gradients V f and Vg are parallel, which is precisely what Eq. (89) says. In our particular
problem we obtain for f and g the following:

fx) =x"ATAx = Vf(x) =2x"ATA,
gx)=x"x = Vg(x)=2x".
We must look for x # 0 solution of the equation
xTATA = AxT & ATAx= \x,

where the condition x # 0 comes from ||| = 1. Therefore, A must not be any scalar but the
precise scalar or scalars such that the matrix (ATA — Al,,) is not invertible. An equivalent
condition is that
p(A) = det(ATA = Al,) = 0.
The function p is a polynomial of degree n in A so it has at most n real roots. Let us denote
these roots by A1, -+, A, with 1 < k < n. For each of these values \; the matrix ATA—\; |,
is not invertible, so N(ATA — \; I,,) is non-trivial. Let x; be any element in N(ATA — \; I,,),
that is,
ATAXi:)\iXi, izl,-'-,k.
At this point it is not difficult to see that A; > 0 for ¢ = 0,--- , k. Indeed, multiply the
equation above by x7, that is,
x] ATAX; = \i x] x;.
Since both xTATAx; and xTx; are non-negative numbers, so is A;. Returning to x;, only

these vectors are the candidates to find a solution to our maximization problem, and f has
the values

f(Xi) = XITATAXI‘ = >\i X?Xi = /\z = f(Xz) = /\i, 7= 1, e ,k’.

The induced 2-norm of A is the maximum of these scalar ;. This establishes the Proposition.
|

EXAMPLE 8.2.3: Consider the vector spaces R? and R? with the dot product. Find the
induced 2-norm of the 2 x 3 matrix

10 1
A_[O 1 —1]‘

SoLuTION: Following the Proposition R2.3] the value of the induced norm ||A|s is the
maximum of the \; roots of the polynomial

p(A) = det(ATA — Alg) = 0.

We start computing

10 10 1
ATA= |0 1 [(1) ) _11]2 0 1 -1
11 -1 2
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The next step is to find the polynomial
(1-2X) 0 1
p(AN)=| 0 (1=X) =1 |[=1-N[1=-XN2=-X)—-1]+1-2N),
1 -1 (2-2X)
therefore, we obtain p(A) = —A(A — 1)(A — 3). We have three roots
A1 =0, X=1, A3=3.
We then conclude that the induced norm of A is given by
[All2 = 3.
<
In the case that the norm in a normed space is not an inner product norm the induced
norm on linear operators is not simple to evaluate. The constrained maximization problem

is in general complicated to solve. Two particular cases can be solved explicitly though,
when the operator norm is induced from the p-norms with p =1 and p = co.

Proposition 8.2.4. Consider the normed spaces (R™, | ||,) and (R™,|| ||,) and the vector
space L(R™ R™) with the induced p-norm.

[All, = max JAK)[, VA€ LER"R™).

lIxllp=1

If p=1 or p = o0, then the following formulas hold, respectively,
m n
All; = max Aiil, Allco = max Aiil
Al = s 31k A =, e D14

Proof of proposition 8.2.4t From the definition of the induced p-norm for p = 1,
[All = max [[Ax]];.
lIxll1=1

m n
From the p-norm on R™ we know that ||Ax||; = Z ‘Z A;;x;|, therefore,

i=1 j=1

1Al < 30> 1A 5] = ; ;] ; A < (; |~”Cj|) jenax (1—21 |Aij|);

i=1 j=1

and introducing the condition ||x||; = 1 we obtain the inequality

m
Ax|l; € max A;sl.
Recalling the column vector notation A = [A;l, e ,A;n] , we notice that | A1 = Y im, |4,
so the inequality above can be expressed as

[Ax[|r < max [|A].

J€{1,+-,n}
Since the left hand side is independent of x, the inequality also holds for the maximum in
[[x|lx = 1, that is,
All; € Al

1Al < _max 1Al
It is now clear that the equality has to be achieved, since the ||Ax||; in the case x = ¢;, with
e; a standard basis vector, takes the value |Aej||1 = ||A,j]|1. Therefore,

[All: = max ) [[A]]1-

) )
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The second part of Proposition [B.2.4] can be proven as follows. From the definition of the
induced p-norm for p = oo we know that

[Alloe = max |Ax]|oc.

lxlleo=1

From the p-norm on R™ we see

ZAU%\\. Z| llogl < _max Z|
1€ 1€

Since the far right hand 51de does not depend on x, the inequality must hold for the maximum
in x with [|x||cc = 1, so we conclude that

| Al oo < maX Z|A1J|

[|AX]| 00 = max
- ,m}

As in the previous p = 1 case, the value on the rlght hand side above is achieved for ||Ax||so
in the case of x with components +1 depending on the sign of A;;. More precisely, choose
x as follows,

1 if Ay 20, n n .
(EJ:{_l if Aij<0’ = ZIA13$J:Z|A2J|, i=1,---,m.
j= —

Therefore, for that x we have ||x||coc = 1 and ||Ax||oc = max Z |A;j]. So, we conclude
i€{l,-- ,m} =

n
Alloe = > 144
1Al ie{rll}_a_?fm}jzl\ i

This establishes the Proposition O

ExAMPLE 8.2.4: Find the induced p-norm, where p = 1, 0o, for the 2 x 3 matrix
1 4 1
A= {2 1 1] '

SOLUTION: Proposition B2 says that ||A||; is the largest absolute value sum of components
among columns of A, while ||A||« is the largest absolute value sum among rows of A. In the
first case we have:

2
Al = jr:nlégfgz | Ail;
i=1
since
2 2 2
> Al =3, > |Ai| =5, > A =2,
i=1 i=1 =1

therefore, ||Alj; = 5. In the second case e have:

i=1,2

[Alloo = maXZ | Aij ;
=1

since
3 3
Z|A1j|:6a Z|A2j| =4,
=1 =1

therefore, ||Alls = 6. <
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8.2.1. Exercises.

8.2.1.- Evaluate the induced p-norm, where
p = 1,2, 00, for the matrices

010
A:{_l1 *22] B=1]0 0 1
100

8.2.2.- In the normed space (R?, || ||2), find
the induced norm of A : R? — R?
N
=75l Ve
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8.2.3.- Consider the space (F",| |,) and
the space F™™ with the induced norm
|| [|p- Prove that for all A, B € F™™ and
all x € F" holds

(@) [1AX[lp < [[Alp [IX]];
(b) [ABIl, < [|All5 IIBllp-
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8.3. CONDITION NUMBERS

In Sect. we discussed several types of approximations errors that appear when solving
an m X n linear system in a floating-point number set using rounding. In this Section we
discuss a particular type of square linear systems with unique solutions that are greatly
affected by small changes in the coefficients of their augmented matrices. We will call such
systems ill-conditioned. When an ill-conditioned n X n linear system is solved on a floating-
point number set using rounding, a small rounding error in the coefficients of the system
may produce an approximate solution that differs significantly from the exact solution.

Definition 8.3.1. An n xn linear system having a unique solution is ill-conditioned iff a
1% perturbation in a coefficient of its augmented matriz produces a perturbed linear system
still having a unique solution which differs from the unperturbed solution in a 100% or more.

We remark that the choice of the values 1% and 100% in the above definition is not a
standard choice in the literature. While these values may change on different books, the
idea behind the definition of an ill-conditioned system is still the same, that a small change
in a coefficient of the linear system produces a big change in its solution.

We also remark that our definition of an ill-conditioned system applies only to square
linear system having a unique solution, and such that the perturbed linear system also has
a unique solution. The concept of ill-conditioned system can be generalized to other linear
systems, but we do not study those cases here.

The following example gives some insight to understand what causes a 2 x 2 system to
be ill-conditioned.

ExampLE 8.3.1: It is not difficult to understand when a 2 x 2 linear system is ill-conditioned.
The solution of a 2 x 2 linear system can be thought as the intersection of two lines on the
plane, where each line represents the solution of each equation of the system. A 2 x 2 linear
system is ill-conditioned when these intersecting lines are almost parallel. Then, a small
change in the coefficients of the system produces a small change in the lines representing
the solution of each equation. Since the lines are almost parallel, this small change on the
lines may produce a large change of the intersection point. This situation is sketched on
Fig.

x X

FiGURE 56. The intersection point of almost parallel lines represents a
solution of an ill-conditioned 2 x 2 linear system. A small perturbation in
the coefficients of the system produces a small change in the lines, which
in turn produces a large change in the solution of the system.

EXAMPLE 8.3.2: Show that the following 2 x 2 linear system is ill-conditioned:
0.835x1 4+ 0.667 x5 = 0.168,
0.333 1 + 0.266 x5 = 0.067.
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SOLUTION: We first note that the solution to the linear system above is given by
T = 1, T = —1.

In order to show that the system above is ill-conditioned we only need to find a coefficient
in the system such that a small change in that coefficient produces a large change in the
solution. Consider the following change on the second source coefficient:

0.067 — 0.066.
One can check that the solution to the new system

0.835x1 + 0.667 o2 = 0.168,
0.333 21 4 0.266 2 = 0.066,

is given by
1 = —666, To = 834.
We then conclude that the system is ill-conditioned. <

Summarizing, solving a linear system in a floating-point number set using rounding in-
troduces approximation errors in the coefficients of the system. The modified Gauss-Jordan
method on the floating point number set also introduces approximation errors in the solution
of the system. Both type of approximation errors can be controlled, that is, be kept small,
choosing a particular scheme of Gauss operations; for example partial pivoting and complete
pivoting. However, if the original linear system we solve is ill-conditioned, then even very
small approximation errors in the system coefficients and in the Gauss operations may result
in a huge error in the solutions. Therefore, it is important to prevent solving ill-conditioned
systems when approximation errors are unavoidable. How handle such situations is one
important research area in numerical analysis.
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8.3.1. Exercises.

8.3.1.- Consider the ill-conditioned system
from Example [B:3.2]
0.835z1 + 0.667 z2 = 0.168,
0.333 21 + 0.266 z2 = 0.067.

(a) Solve this system in F5 10,6 without
scaling, partial or complete pivot-
ing.

(b) Solve this system in Fg 10,6 without
scaling, partial or complete pivot-
ing.

(¢c) Compare the results found in parts
@) and (B) with the result in R.

8.3.2.- Perturb the ill-conditioned system
given in Exercise 8.3 as follows,

0.835x1 + 0.667 z2 = 0.1669995,
0.333 1 + 0.266 z2 = 0.066601.

Find the solution of this system in R
and compare it with the solution in Ex-
ercise 8.3[11

8.3.3.- Find the solution in R of the follow-
ing system
8x1 +5x2+ 223 =15,
21x1 4+ 1922 + 16 3 = 56,
3921 +48z2 + 53 3 = 140.
Then, change 15 to 14 in the first equa-

tion and solve it again in R. Is this sys-
tem ill-conditioned?
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CHAPTER 9. SPECTRAL DECOMPOSITION

In Sect5.4] we discussed the matrix representation of linear transformations defined on
finite dimensional vector spaces. We saw that this representation is basis-dependent. The
matrix of a linear transformation can be complicated in one basis and simple in another
basis. In the case of linear operators sometimes there exists a special basis where the
operator matrix is the simplest possible: A diagonal matrix. In this Chapter we study those
linear operators on finite dimensional vector spaces having a diagonal matrix representation,
called normal operators. We start introducing the eigenvalues and eigenvectors of a linear
operator. Later on we present the main result, the Spectral Theorem for normal operators.
We use this result to define functions of operators. We finally mention how to apply these
ideas to find solutions to a linear system of ordinary differential equations.

9.1. EIGENVALUES AND EIGENVECTORS

9.1.1. Main definitions. Sometimes a linear operator has the following property: The
image under the operator of a particular line in the vector space is again the same line. In
that case we call the line special, eigen in German. Any non-zero vector in that line is also
special and is called an eigenvector.

Definition 9.1.1. Let V' be a finite dimensional vector space over the field F. The scalar
A € F and the non-zero vector £ € V are called eigenvalue and eigenvector of the linear
operator T € L(V) iff holds

T(x) = Az (9.1)

The set op C F of all eigenvalues of the operator T is called the spectrum of T. The
subspace Ex = N(T — XI) C V, the null space of the operator (T — M), is called the
etgenspace of T corresponding to .

An eigenvector of a linear operator T : V' — V is a vector that remain invariant except by
scaling under the action of T. The change in scaling of the eigenvector  under T determines
the eigenvalue A. Since the operator T is linear, given an eigenvector & and any non-zero
scalar a € F, the vector az is also an eigenvector. (Proof: T(azx) = aT(x) = A az).) The
elements of the eigenspace E) are all eigenvectors with eigenvalue A and the zero vector.
Indeed, a vector & € E) iff holds (T — A I)(x) = 0, where I € L(V) is the identity operator,
and this equation implies that x = 0 or T(x) = A x.

Eigenvalues and eigenvectors are notions defined on an operator, independently of any
basis on the vector space. However, given a basis in a vector space, the eigenvalue-eigenvector
equation can be expressed in terms of a matrix-vector product. This is summarized in the
following result.

Theorem 9.1.2. If T,, € F™" is the matriz of a linear operator T € L(V') in any ordered
basis V C V', then the eigenvalue A\ € F and eigenvector components x,, € F™ of the operator
T satisfy the eigenvalue-eigenvector equation

TouvXe = AXy. (9.2)

The eigenvalues and eigenvectors of a linear operator are the eigenvalues and eigenvectors
of any matrix representation of the operator on any ordered basis of the vector space.
Proof of Theorem The eigenvalue-eigenvector equation in (@.J]) written in an
ordered basis V C V is given by

[T(xl'vl +o 4+ xnvn)h = NzJ, <« [[T('”l)]vv SR [T("’n)]v] (@], = A[z]o,
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that is, we obtain Eq. ([@.2]). It is simple to see that Eq. (@.2) is invariant under similarity
transformations of the matrix T,,. This property says that the components equation in ([@.2))
looks the same in any basis. Indeed, given any other ordered basis Y of the vector space V,
denote the change of basis matrix P = l3,. Then, multiply Eq. (3.2) by P!, that is,

P 'Tyx, = AP %, & (P 'TuP) (P 'x,) = A(P'x,);
using the change of basis formulas T35 = P~ T,, P and x; = P~ !x, we conclude that
Tos X5 = AX5.
This establishes the Theorem. ]

ExAMPLE 9.1.1: Consider the vector space R? with the standard basis S. Find the eigen-
values and eigenvectors of the linear operator T : R2 — R? with matrix in the standard

basis given by
0 1
T- [1 O] |

SoLUTION: This operator makes a reflection along the line x1 = s, that is,
_ 0 1 T1| _ T2
o] (2]

. - . 1
From this definition we see that any non-zero vector proportional to vi = [

1
by T, that is,
0 1] |1 1
b []=L] o e

So we conclude that v; is an eigenvector of T with eigenvalue A\; = 1. Analogously, one can

] is left invariant

-1 . .
check that the vector vo = [ ] satisfies the equation

1
0 1| |—-1 1 -1
Lo -1 e e
So we conclude that vs is an eigenvector of T with eigenvalue Ay = —1. See Fig. B71
X2 =% X2 X1= X,
T(u)
4 Va T(v)=y
1 u 1
=1 X1 X1
-1
v AN
\ T(w)=-y
Ty

FI1GURE 57. On the first picture we sketch the action of matrix T in Ex-
ample [ 1.1 and on the second picture, and we sketch the eigenvectors vq
and vo with eigenvalues A\; = 1 and \s = —1, respectively.
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In this example the spectrum is o7 = {1, —1} and the respective eigenspaces are

pesm({[)) £ =sm({[ 1))

<

ExAMPLE 9.1.2: Not every linear operator has eigenvalues and eigenvectors. Consider the
vector space R? with standard basis and fix § € (0,7). The linear operator T : R? — R?

with matrix
T_ cos(f) —sin(6)
" |sin(f)  cos(6)
acts on the plane rotating every vector by an angle 6 counterclockwise. Since 6§ € (0,7),
there is no line on the plane left invariant by the rotation. Therefore, this operator has no
eigenvalues and eigenvectors. <
ExAampPLE 9.1.3: Consider the vector space R? with standard basis. Show that the linear

operator T : R? — R? with matrix T = [1 3

3 1] has the eigenvalues and eigenvectors

V], = |:}:| 3 )\1 = 4, and Vo = |:_11:| y )\2 = -2

SoLuTION: We only verify that Eq. (@) holds for the vectors and scalars above, since

1 3] |1 4 1
TV1 = |:3 1:| |:1:| = |:4:| =4 |:1:| = )\1V1 = TV1 = /\1V1

1 3 1 -2 1
TV2 = |:3 1:| |:_1:| = |: 2:| = —2 |:_1:| = A2V2 = TVQ = )\2V2.

In this example the spectrum is o7 = {4, —2} and the respective eigenspaces are

s=sm({[l}). £amsm({[]})

EXAMPLE 9.1.4: Consider the vector space V = C*°(R,R). Show that the vector f(z) = €7,
with a # 0, is an eigenvector with eigenvalue a of the linear operator D : V — V| given by

D(f)(w) = L (w).

SoLUTION: The proof is straightforward, since

D)) = L @)= ae =afe) = D))= af()

<

<

EXAMPLE 9.1.5: Consider again the vector space V = C*°(R,R) and show that the vector
f(x) = cos(ax), with a # 0, is an eigenvector with eigenvalue —a? of the linear operator

2
T:V —V,given by T(f)(x) = Z—x{(x)

SOLUTION: Again, the proof is straightforward, since

2
T(f)(x) = ZT;J;@) = —a’cos(az) = —a’f(z) = T(f)(x) = —a’f(x).
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We know that an eigenspace of a linear operator is not only a subset of the vector space,
it is a subspace. Moreover, it is not any subspace, it is an invariant subspace under the
linear operator. Given a vector space V and a linear operator T € L(V), the subspace
W C V is invariant under T iff holds T(W) C W.

Theorem 9.1.3. The eigenspace E of the linear operator T € L(V) corresponding to the
eigenvalue A is an invariant subspace of the vector space V' under the operator T.

Proof of Theorem We first show that E) is a subspace. Indded, pick up any
vectors @, y € E, that is, T(x) = Az and T(y) = Ay. Then, for all a, b € F holds,

T(ax+by) =aT(x)+bT(y) =a z+dbly=A(ax+dby) = (ax+dy) € E).

This shows that E) is a subspace. Now we need to show that T(E)) C FE,. This is
straightforward, since for every vector x € E) we know that

T(x) = Ax € Ej,
since the set F) is a subspace. Therefore, T(E)) C E). This establishes the Theorem. [

9.1.2. Characteristic polynomial. We now address the eigenvalue-eigenvector problem:
Given a finite-dimensional vector space V over F and a linear operator T € L(V), find a
scalar A € F and a non-zero vector € V solution of T(x) = Ax. This problem is more
complicated than solving a linear system of equations T'(x) = b, since in our case the source
vector is b = Az, which is not a given but part of the unknowns. One way to solve the
eigenvalue-eigenvector problem is to first solve for the eigenvalues A and then solve for the
eigenvectors .

Theorem 9.1.4. Let V be a finite-dimensional vector space over F and let T € L(V).
(a) The scalar X € F is an eigenvalue of T iff X is solution of the equation

det(T— A1) = 0.

(b) Given \ € F eigenvalue of T, the corresponding eigenvectors € V are the non-zero
solutions of the equation

(T—\I)(z) = 0.

REMARK: The determinant of a linear operator on a finite-dimensional vector space V' was
introduced in Def. as the determinant of its associated matrix in any ordered basis
of V. This definition is independent of the basis chosen in V, since the operator matrix
transforms by a similarity transformation under a change of basis and the determinant is
invariant under similarity transformations.
Proof of Theorem

Part (a): The scalar A and the vector x are eigenvalue and eigenvector of T iff holds

Tx)= x < (T'-ADxz=0 < det(T-NI)=0.
Part (b): This is simpler. Since A is the scalar such that the operator (T — A I) is not
invertible, this means that N(T — A I) # {0}, that is, there exists a solution z to the linear

equation (T — A D)z = 0. Tt is simple to see that this solution is an eigenvector of T. This
establishes the Theorem. (]

Definition 9.1.5. Given a finite-dimensional vector space V. and a linear operator T &€
L(V), the function p(\) = det(T — A I) is called the characteristic polynomial of T.

The function p defined above is a polynomial in A, which can be seen from the defini-
tion of determinant of a matrix. The eigenvalues of a linear operator are the roots of its
characteristic polynomial.
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ExAMPLE 9.1.6: Find the eigenvalues and eigenvectors of the linear operator T : R? — R2,

. 1 3
given by T = {3 1}.

SOLUTION: We start computing the eigenvalues, which are the roots of the characteristic
polynomial

p(A):det(T—Al)zdet(B ﬂ_[a\ ?\]):‘(1;)\) (ix),

hence p(A) = (1 — A)? — 9. The roots are
)\1 = 47

_1)2 — 92
A=-1)7"=3" = {/\2:_2.

We now find the eigenvector for the eigenvalue A; = 4. We solve the system (T —41)x =0
performing Gauss operation in the matrix

—3 3] 1 -1 z1 = 12,
T4'[3 —3}H[o 0] ~ {xzfree.

Choosing 2 = 1 we obtain the eigenvector x; = . In a similar way we find the eigenvector

1
for the eigenvalue Ay = —2. We solve the linear system (T + 21)x = 0 performing Gauss
operation in the matrix

] T = —X2,
T+2|:{3 3]_)[11 N {1 2

3 3 0 0] 9 free.
1
Choosing o = —1 we obtain the eigenvector x, = {_1} These results A1, x; and Ag, Xg
agree with Example 0.1.3 <

9.1.3. Eigenvalue multiplicities. We now introduce two numbers that give information
regarding the size of eigenspaces. The first number determines the maximum possible size
of an eigenspace, while the second number characterizes the actual size of an eigenspace.

Definition 9.1.6. Let \; € F, for i = 1,--- |k be all the eigenvalues of a linear operator
T e L(V) on a vector space V over F. Express the characteristic polynomial p associated
with T as follows,

P = (A=A)" - (A= A)™q(A),  with  q(Ai) #0,

and denote by s; = dim Ey,, the dimension of the eigenspaces corresponding to the eigenvalue
Ai. Then, the numbers r; are called the algebraic multiplicity of the eigenvalue \;; and
the numbers s; are called the geometric multiplicity of the eigenvalue \;.

REMARK: In the case that F = C, hence the characteristic polynomial is complex-valued,
the polynomial ¢(\) = 1. Indeed, when p is an n-degree complex-valued polynomial the Fun-
damental Theorem of Algebra says that p has n complex roots. Therefore, the characteristic
polynomial has the form

PA) = (A= A1) (A= Ag)™,

where r1 + -+ + . = n. On the other hand, in the case that F = R the characteristic
polynomial is real-valued. In this case the polynomial ¢ may have degree greater than zero.
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ExamMpLE 9.1.7: For the following matrices find the algebraic and geometric multiplicities
of their eigenvalues,

- 31 1 30 1
A:[O?J,B:O?)?,C:OSQ
00 1 00 1

SOLUTION: The eigenvalues of matrix A are the roots of the characteristic polynomial
_B3=X) 2
pa()‘) - ‘ 0 (3 _ )\)

So, the eigenvalue \; = 3 has algebraic multiplicity r; = 2. To find the geometric multiplicity
we need to compute the eigenspace E),, which is the null space of the matrix (A — 3l), that
is,

‘:(/\—3)2 = M=3, rn=2

0 2

A-3ly= [O 0

:| = x2=0, free = x; = |:(])-:| x1.

We have obtained
Ey = Span({ [(ﬂ }) = sy =dimFEy, =1.

In the case of matrix A the algebraic multiplicity is greater than the geometric multiplicity,
2 =11 > s1 = 1, since the greatest linearly independent set of eigenvectors for the eigenvalue
A1 contains only one vector.

The algebraic and geometric multiplicities for matrices B and C is computed in a similar
way. These matrices differ only in one single matrix coefficient, the coefficient (1,2). This
difference does not affect their eigenvalues, since we will show that both matrices B and C
have the same eigenvalues with the same algebraic multiplicities. However, this difference is
enough to change their eigenvectors, since we will show that matrices B and C have different
eigenvectors with different geometric multiplicities. We start computing the characteristic
polynomial of matrix B,

3-2X) 1 1
(N =| 0 (3-X\) 2 |=-(A=3*A-1),
0 0 (1-=2x)
which implies that Ay = 3 has algebraic multiplicity ;1 = 2 and Ay = 1 has algebraic

multiplicity 7o = 1. To find the geometric multiplicities we need to find the corresponding
eigenspaces. We start with A\; = 3,

01 1 0 1 0 21 free,
B-3lk=10 0 2|=10o 0 1| = {xz=0,
0 0 -2 0 0 0 z3 =0,
which implies that
5
E,\1=Span({0 ) = s =1.
0

The geometric multiplicity for the eigenvalue Ay = 1 is computed as follows,
2 1 1 1 z1 =0,

B-Il3=10 2 2| — |0

0 0 0 0

S = O

0
1 = Ty = —X3,
0

x3 free,
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which implies that

E,\2:Span<{ —01 }) = 5o =1.
1

We then conclude 2 =71 > s; = 1 and ry = so = 1.
Finally, we compute the characteristic polynomial of matrix C,

(3-)) 0 1
peN) =] 0  B-N 2 |=-(A=3°A-1)
0 0 (1-X

so, we obtain the same eigenvalues we had for matrix B, that is, \; = 3 has algebraic
multiplicity 71 = 2 and Ay = 1 has algebraic multiplicity 7o = 1. The geometric multiplicity
of \; is computed as follows,

00 1 00 1 a1 free,
C-3l3=(0 0 2(—=10 0 O = o free,
00 —2 00 0 5 =0,
which implies that
1 0
By, :Span<{ 0f, |1 }) = s =2
0 0

In this case we obtained 2 = r; = s;. The geometric multiplicity for the eigenvalue Ay = 1
is computed as follows,

1
2 0 1 10 3 TL = —5 T3,
C—ls=10 2 2/ =0 1 1| = ¢, _ ..
0 0 O 0 0 0
x3 free,
which implies that (choosing x3 = 2),
-1
E>\2:Span<{ -2 }) = 59 =1.
2

We then conclude r; = s; =2 and ro = so = 1.

REMARK: Comparing the results for matrix B and C we see that a change in just one
matrix coefficient can change the eigenspaces even in the case where the eigenvalues do not
change. In fact, it can be shown that the eigenvalues are continuous functions of the matrix
coeflicients while the eigenvectors are not continuous functions. This means that a small
change in the matrix coeflicients produces a small change in the eigenvalues but it might
produce a big change in the eigenvectors, just like in this Example. <

9.1.4. Operators with distinct eigenvalues. The eigenvectors corresponding to distinct
eigenvalues form a linearly independent set. In other words, eigenspaces corresponding to
different eigenvalues have trivial intersection.

Theorem 9.1.7. If the eigenvalues Ay, -+ , A\, € F, with k > 1, of the linear operator
T € L(V) are all different, then the set of corresponding eigenvectors {xy, -+ ,axr} C V is
linearly independent.
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Proof of Theorem [9.1.7t If k¥ = 1, the Theorem is trivially true, so assume k > 2. Let
c1,- -+ ,c, € F be scalars such that

cxy + -+ ez = 0. (9-3)

Now perform the following two steps: First, apply the operator T to both sides of the
equation above. Since T(x;) = \;x;, we obtain,

M T+ F A = 0. (9.4)
Second, multiply Eq. (@3) by A; and subtract it from Eq.(@4). The result is
CQ()\2_>\1) $2+"'+Ck()\k—>\1)ilﬁk: 0. (95)

Notice that all factors \; —A\; # 0 for i = 2,--- | k. Repeat these two steps: First, apply the
operator T on both sides of Eq. (@), that is,

ca(Aa— A1) dexa+ -+ oA — A1) Ak = 0; (9.6)
second, multiply Eq. ([@3) by A2 and subtract it from Eq. ([@.4]), that is,
c2(A2 — A1) ()\3 — )\2) T3+ -+ Ck()\k — /\1) ()\k — )\2) x, = 0. (9.7)

Repeat the idea in these two steps until one reaches the equation
ek — A1) (A — Ap—1) @ = 0.
Since the eigenvalues \; are all different, we conclude that ¢y = 0. Introducing this infor-
mation at the very begining we get that
cixy + -+ cp1Tp—1 = 0.

Repeating the whole procedure we conclude that c¢;_; = 0. In this way one shows that all
coefficient ¢; = --- = ¢, = 0. Therefore, the set {x;,--- , xx} is linearly independent. This
establishes the Theorem. |

Further reading. A detailed presentation of eigenvalues and eigenvectors of a matrix can
be found in Sections 5.1 and 5.2 in Lay’s book [2], while a shorter and deeper summary can
be found in Section 7.1 in Meyer’s book [3]. Also see Chapter 4 in Hassani’s book [I].
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9.1.5. Exercises.

9.1.1.- Find the spectrum and all eigen-
spaces of the operators A : R? — R2
and B : R® — R3,

-10 -7
A= { 14 11] ’

1 1 0
B=|0 3 1

1 -1 2

9.1.2.- Show that for 6 € (0,7) the rota-
tion operator R(f) : R?> — R? has no
eigenvalues, where

R(6) = cos(0) —sin(0)

~ |sin(d)  cos(6)
Consider now matrix above as a linear
operator R() : C* — C2. Show that

this linear operator has eigenvalues, and
find them.

9.1.3.- Let A : R? — R? be the linear oper-
ator given by

2 -1 3
A=10 1 h
0 0 2

(a) Find all the eigenvalues and their
corresponding algebraic multiplici-
ties of the matrix A.

(b) Find the value(s) of h € R such
that the matrix A above has a two-
dimensional eigenspace, and find a
basis for this eigenspace.

(c) Set h =1, and find a basis for all
the eigenspaces of matrix A above.

9.1.4.- Find all the eigenvalues with their
corresponding algebraic multiplicities,
and find all the associated eigenspaces
of the matrix A € R*? given by

2 1 1
A=10 2 3
0 0 1

9.1.5.- Let kK € R and consider the matrix
A € R** given by

2 -2 4 -1
0 3 k£ 0
A= 0o 0 2 4
0O 0 O 1

(a) Find the eigenvalues of A and their
algebraic multiplicity.

(b) Find the number k such that ma-
trix A has an eigenspace E) that is
two dimensional, and find a basis
for this E.

9.1.6.- Comparing the characteristic poly-
nomials for A € F*" and AT, show that
these two matrices have the same eigen-
values.

9.1.7.- Let A € R*3 be an invertible matrix
with eigenvalues 2, —1 and 3. Find the
eigenvalues of:

(a) A™L.
(b) A*, for any k € N.
(c) A2 —A.
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9.2. DIAGONALIZABLE OPERATORS

9.2.1. Eigenvectors and diagonalization. In this Section we study linear operators on
a finite dimensional vector space that have a complete set of eigenvectors. This means that
there exists a basis of the vector space formed with eigenvectors of the linear operator. We
show that these operators are diagonalizable, that is, the matrix of the operator in the basis
of its own eigenvectors is diagonal. We end this Section showing that it is not difficult to
define functions of operators in the case that the operator is diagonalizable.

Definition 9.2.1. A linear operator T € L(V) defined on an n-dimensional vector space
V' has a complete set of eigenvectors iff there exists a linearly independent set formed
with n eigenvectors of T.

In other words, a linear operator T has a complete set of eigenvectors iff there exists a
basis of V' formed by eigenvectors of T. Not every linear operator has a complete set of
eigenvectors. For example, a linear operator without a complete set of eigenvectors is a
rotation on a plane R(f) : R?> — R? by an angle § € (0,7). This particular operator has
not eigenvectors at all.

ExaMpPLE 9.2.1: Matrix B in Example 0.1.7 does not have a complete set of eigenvectors.
The largest linearly independent set of eigenvectors of matrix B contains only two vectors,
one possibility is shown below.

3 1 1 1 0
B=1|0 3 2|, X:{xle,XQZ —1 }
0 0 1 0 1
Matrix C in Example has a complete set of eigenvectors, indeed,
3 0 1 1 0 1
c=1o 3 2f, X:{xlzo,x2:1,X3: 72}.
0 01 0 0 2

We now introduce the notion of a diagonalizable operator.

Definition 9.2.2. A linear operator T € L(V') defined on a finite dimensional vector space
V' is called diagonalizable iff there exists a basis V of V such that the matriz Ty is
diagonal.

Recall that a square matrix D = [D;;] is diagonal iff D;; = 0 for i # j. We denote

an n x n diagonal matrix by D = diag[Dy,---, D,], so we use only one index to label the
diagonal elements, D;; = D;. Examples of 3 x 3 diagonal matrices are given by
1 00 2 00 Dy; O 0
A=|0 2 0], B=10 0 0f, D=] 0 Dy 0
0 0 3 0 0 4 0 0 Dss

Our first result is to show that these two notions given in Definitions [0.2.1] and [0.2.2] are
equivalent.

Theorem 9.2.3. A linear operator T € L(V') defined on an n-dimensional vector space is
diagonalizable iff the operator T has a complete set of eigenvectors. Furthermore, if \;, ;,
fori=1,--- n, are eigenvalue-eigenvector pairs of T, then the matriz of the operator T
in the ordered eitgenvector basis Y = (1, , @) is diagonal with the eigenvalues on the
diagonal, that is, Tz = diag[A, -, A\n].
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Proof of Theorem

(=) Since T is diagonalizable, we know that there exists a basis V = (&, -- - , ®,) such
that its matrix is diagonal, that is, Tz = diag[A1, -+ , Ap]. This implies that fori =1,--- ,n
holds

Tooxis = Aixiz & T(m) = Nz
We then conclude that x; is an eigenvector of the operator T with eigenvalue \;. Since

V is a basis of the vector space V, this means that the operator T has a complete set of
eigenvectors.

(<) Since the set of eigenvectors Y = (x1, -+, x,) of the operator T with corresponding
eigenvalues \1,---, A\, form a basis of V', then the eigenvalue-eigenvector equation for i =
1’ DRI 7/'7/

T(:BZ) = )\,‘ ZT;.
imply that the matrix Ty; is diagonal, since
Tos = [[T(2)]s, -, [T(wn)]s] = [M [@i]s, - A [Ta]s] = [Mrer, - s Anen],
so we arrive at the equation Tg; = diag[A1,-- -, A,]. This establishes the Theorem. O

EXAMPLE 9.2.2: Show that the linear operator T € L(R?) with matrix T = [3 1

! 3} in the

standard basis of S of R? is diagonalizable.

SoLuTION: In Example [0.1.6] we obtained that the eigenvalues and eigenvectors of matrix
Tss are given by

A =4, x1= E] and Ao = —2, x9= [_11] .

We now affirm that the matrix of the linear operator T is diagonal in the ordered basis
formed by the eigenvectors above,

~ 1 1

(BRI

First notice that the set V is linearly independent, so it is a basis for R%. Second, the change
of basis matrix P = |3, is given by

o1 111
P—L _J L op _2[1 _1].

Third, the result of the change of basis is a diagonal matrix:

_ 191 1] (1 3|1 1 11 1|4 -2 4 0
1 i —— — — T~
RS T PR R e iy R R

As stated in Theorem [0.2.3] the diagonal elements in Tg; are precisely the eigenvalues of
the operator T, in the same order as the eigenvectors in the ordered basis V. <

The statement in Definition can be expressed as a statement between matrices. A
matrix A € F™" is diagonalizable if there exists an invertible matrix P € F™™ and a diagonal
matrix D € F™" such that

A=PDP L
These two notions are equivalent, since A is the matrix of an linear operator T' € L(V)
in the standard basis S of V, that is, A = T4,. The similarity transformation above can

expressed as
D=P!'T,,P.
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Denoting P = I3, as the change of basis matrix from the standard basis S to a basis V, we
conclude that

D= Tf}fm
That is, the matrix of operator T is diagonal in the basis V. Furthermore, Theorem
can also be expressed in terms of similarity transformations between matrices as follows:
A square matriz has a complete set of eigenvectors iff the matriz is similar to a diagonal
matriz. This active point of view is common in the literature.

EXAMPLE 9.2.3: Show that the linear operator T : R? — R? with matrix T = B (25] in

the standard basis of R? is diagonalizable. Find a similarity transformation that converts
matrix T into a diagonal matrix.

SoLuTION: To find out whether T is diagonalizable or not we need to compute its eigen-
vectors, so we start with its eigenvalues. The characteristic polynomial is

(1—2X\) 2 AL =0,

p(A)Z‘ 3 (6_A)’=A(A‘7):O = {AQ'?.

Since the eigenvalues are different, we know that the corresponding eigenvectors form a
linearly independent set (by Theorem [0.I.7)), and so matrix T has a complete set of eigen-
vectors. So A is diagonalizable. The corresponding eigenvectors are the non-zero vectors in
the null spaces N(T) and N(T — 7l3), which are computed as follows:

1 2] 12 L 2]

3 6/ 00 = L= e = =]
—6 2] [3 -1 N n
3 1 0 0 = T1 = T2 = X2—3.

Since the set V = {xy,x2} is a complete set of eigenvectors of T, we conclude that T is
diagonalizable. Proposition [0.2.3] says that

o1 10 0 -2 1
D=P TP, where D[O 7}, P{l 3}

We finally verify this the equation above is correct:
1 |=2 1 {0 O 1|=3 1| _[=2 1] (0 Of |1 2| _
PDP™ = [ 1 30 77| 1 2 |1 3|1 2 |3 6] T

9.2.2. Functions of diagonalizable operators. We have seen in Section [5.3] that the set
of all linear operators L(V') on a vector space V is itself an algebra, since both the linear
combination of linear operators in L(V') and the composition of linear operators in L(V)
are again linear operators in L(V'). We have also seen that this algebra structure on L(V)
makes possible to introduce polynomial functions of linear operators. Indeed, given scalars
ap,- - ,a, € F, an operator-valued polynomial of degree n is a function p : L(V) — L(V),

p(T)=aply +a1 T+ - +a,T".

<

In this Section we introduce, on the one hand, functions of operators more general than
polynomial functions, but on the other hand, we define these functions only on diagonalizable
operators. The reason of this restriction is that functions of diagonalizable operators are
simple to define. It is possible to define general functions of non-diagonalizable operators,
but they are more involved, and will no be studied in these notes.
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Before computing a general function of a diagonalizable operator, we start finding simple
expressions for the power function and a polynomial function of a diagonalizable operator.
These formulas simplify the results we have found in Section (5.3

Theorem 9.2.4. If T € L(V) is a diagonalizable linear operator with matriz T =P DP~1
in the standard ordered basis of an n-dimensional vector space V , where D, P € F™" are a
diagonal and an invertible matriz, respectively, then, for every k € N holds

TF=PDFP L
Proof of Theorem Consider the case k = 2. A simple calculation shows
T°=TT=PDP 'PDP!'=PDDP'=PD?*P".

Suppose now that the formula holds for k € N, that is, T = PD* P!, and let us show that
it also holds for k£ + 1. Indeed,

TE+D —TTE —pDP !PDFP~ ' =PD D*P~t = PD*D p-1,
This establishes the Theorem. O

EXAMPLE 9.2.4: Given the matrix T € R33, compute T*, where k € Nand T = B a )

SOLUTION: From Example [0.2.3] we know that T is diagonalizable, and that

|00 -2 1 . 1][=31
o=fo o) =[] - e
Therefore,

F_pprkpo1_ |[-2 1] [0 0]1[-3 1] 41 [-2 1]]0 0] 1[-3 1
TPDP[1307’“7127 1 30 771 2
The final result is
Tk = 7(k=D) T,

It is simple to generalize Theorem [9.2.4] to polynomial functions.

Theorem 9.2.5. Assume the hypotheses given in Theorem [9-2.4 and denote the diagonal
matriz as D = diag[A1, -+, Ap]. If p: F — F is a polynomial of degree k € N, then holds

p(T) =Pp(D)P~!, where p(D) = diag[p(A1),---,p(An)].
Proof of Theorem Given scalars ag, -+ ,a; € F, denote the polynomial p by
p(z) = ag + a1z + --- + apa”.
Then,
p(T)=aglp +ar T+ +a,TF
=aPP ' 4aPDP '+ ... 4+ q,PD"P!
=P(agly+ai D+ +a,DF) P~
Noticing that
p(D) =agly + a1 D+ -+ a, D* = diag [p(\1), -+, p(An)],

we conclude that
p(T) =Pp(D) P~
This establishes the Theorem. O
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9.2.3. The exponential of diagonalizable operators. Functions that admit a conver-
gent power series expansion can defined on diagonalizable operators in the same way as
polynomial functions in Theorem We consider first an important particular case, the
exponential function f(z) = e”. The exponential function is usually defined as the inverse
of the natural logarithm function g(z) = In(z), which in turns is defined as the area under
the graph of the function h(xz) = 1/ from 1 to x, that is,

x
In(z) = / 1 dy x € (0,00).

1Y
It is not clear how to use this definition of the exponential function on real numbers to
extended it to operators. However, one shows that the exponential function on real numbers
has several properties, among them that it can be expressed as a convergent infinite power
series,

k

0 k
Zk——1+x+§+ +ﬁ+

It can be proven that defining the exponential function on real numbers as the convergent
power series above is equivalent to the definition given earlier as the inverse of the natural
logarithm. However, only the power series expression provides the path to generalize the
exponential function to a diagonalizable linear operator.

Definition 9.2.6. The exponential of a linear operator T € L(V) on a finite dimensional
vector space, denoted as e, is given by the infinite sum

o k
T _ T

e F

k=0

The following result says that the infinite sum of operators given in the Definition [0.2.0]
converges in the case that the operator is diagonal or the operator is diagonalizable.
Theorem 9.2.7. If a linear operator T € L(V) on a finite dimensional vector space is
diagonal, that is, there exists an ordered basis such that T = diag[A1,- -+, \,], then

= diag[e™, -, eM].

If a linear operator T € L(V') on a finite dimensional vector space is diagonalizable, that is,
there exists an ordered basis such that T = PDP~!, where D = diag[\1,- -+, \n], then

T=_pLPPT

Proof of Theorem Let T be the matrix of the operator T € L(V) in an ordered
basis V C V. For every N € N introduce the partial sum Sy (T) as follows,

Zkl’

which is a well defined polynomial in T. Assume now that T is diagonalizable, so there
exist an invertible matrix P and a diagonal matrix D such that T = PDP~!. Then, a
straightforward computation shows that

kp—1 N
SN(T):ZPD P (ZOE]:') . (9.8)

k=0
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In the particular case that T is diagonal, then P = |,, and T = diag[A1, -+, A,], so the
equation above reduced to

N k N k N
k=0 k=0 k=0

In the expression above we can compute the limit as N — oo, obtaining

”‘:»

!

el = diag[exl, e ,e)‘"].

This result establishes the first part in Theorem In the case that T is diagonalizable,
we go back to Eq. (@), where we now denote D = diag[\1,---,\,]. Since D is a diagonal
matrix, we can compute the limit N — oo in Eq. (@8], that is,

e’ =Su(T)=PeP P,
where we have denoted e® = diag[e*, - -- ,e*]. This establishes the Theorem. O

ExAMPLE 9.2.5: For every ¢t € R find the value of the exponential function e**, where

1 3
by
SOLUTION: From Example we know that A is diagonalizable, and that A = PDP~1,
where
40 N L1
b= {o 2}’ P_{1 1] - P =3 {1 1}
Therefore,

and Theorem imply that

A (1 1] fe* 0 ]1[1 1
T —1| o e2| 21 —1|°

The function introduced in Example [0.2.5] above can be seen as an operator-valued func-
tion f: R — R?2 given by

<

[ty =€, AeR*%
It can be shown that this function is actually differentiable, and that
af
dt

A more precise statement is the following.

(t) = Aelt.

Theorem 9.2.8. If T € L(V) is a diagonalizable operator on a finite dimensional vector
space over R, then the operator-valued function F: R — L(V), defined as F(z) = eT® for
all x € R, is differentiable and

dF

d—(m) =TeT* =eT* T.
x
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Proof of Theorem Fix an ordered basis V C V and denote by T the matrix of
T in that basis. Since T is diagonalizable, then T = PDP~! with D = diag[\1, -, An].
Denoting by F the matrix of F' in the basis V, it is simple to see that

dF d d

- —_(p DIP71>:P(7 D:v) Pfl'

dx (z) dx ( © dace
It is not difficult to see that the expression of the far right in equation above is given by

d p : d o\ d . . 1 An D D
e Jc:dlag[%(e ’”),-n,%(e z)}:dlag[)qe oo Ape®] =De” " =e” ¥ D,
where we used the expression D = diag[A1, -+, \,]. Recalling that

PDeP*P ' =PDP !'PeP*"P 1 =Te'",

we conclude that d
7€Tr _ TeTz _ GTIT.
dx
This establishes the Theorem. O

ExamMPLE 9.2.6: Find the derivative of f(t) = eA?, where A = [; i)]

SoLUTION: From Example we know that
ac_ [T 1] fe* 011 1
T 1) lo e 21 -1

Then, Theorem implies that
d At (11 4ett 0 1]1 1
|1 -1 0 —2e7 2| 9 |1 —1|°

We end this Section presenting a result without proof, that says that given any scalar-
valued function with a convergent power series, that function can be extended into an
operator-valued function in the case that the operator is diagonalizable.

<

Theorem 9.2.9. Let f: F — F be a function given by a power series
o0
f(2) =) elz = 20)",
k=0

which converges for |z —zp| < r, for some positive real number r. If Lp(V) is the subspace of
diagonalizable operators on the finite dimensional vector space V', then the operator-valued
function F: Lp(V) — Lp(V) given by

F(T)=> c(T— 2 Iy)*
k=0

converges iff every eigenvalue \; of T satisfies that |A; — zo| <71 for alli=1,--- n.
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9.2.4. Exercises.

9.2.1.- Which of the following matrices can-
not be diagonalized?

2 -2
A= 12 —2} ’

2 0
B= 12 —2} ’

2 0
=[5 9

9.2.2.- Verify that the matrix
_[7/5 1/5
A=15 1/2}

has eigenvalues A1 = 1 and A2 = 9/10
and associated eigenvectors

~[-1] -2
X1 = 9 ] ; X2 = 51
Use this information to compute

lim A*.

k—oo

9.2.3.- Given the matrix and vector ,

o[t 3o

compute the function x : R — R?2
x(t) = *'xo.
Verify that this function is solution of
the differential equation
d
—x(t) = Ax(t
“x(t) = Ax(t)
and satisfies that x(¢ = 0) = xo.

9.2.4.- Let A € R*® be a matrix with eigen-
values 2, —1 and 3. Find the determi-
nant of A.

9.2.5.- Let A € R** be a matrix that can
be decomposed as A = PDP~!, with
matrix P an invertible matrix and the
matrix

D = diag(2, i, 2,3).

Knowing only this information about
the matrix A, is it possible to compute
the det(A)? If your answer is mo, ex-
plain why not; if your answer is yes,
compute det(A) and show your work.

9.2.6.- Let A € R** be a matrix that can
be decomposed as A = PDP~!, with
matrix P an invertible matrix and the
matrix

D = diag(2,0,2,5).

Knowing only this information about
the matrix A, is it possible to whether A
invertible? Is it possible to know tr (A)?
If your answer is no, explain why not; if
your answer is yes, compute tr (A) and
show your work.
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9.3. DIFFERENTIAL EQUATIONS

Eigenvalues and eigenvectors of a matrix are useful to find solutions to systems of dif-
ferential equations. In this Section we first recall what is a system of first order, linear,
homogeneous, differential equations with constant coefficients. Then we use the eigenvalues
and eigenvectors of the coefficient matrix to obtain solutions to such differential equations.

In order to introduce a linear, first order system of differential equations we need some
notation. Let A : R — R™" be a real matrix-valued function, x,b : R — R"™ be real
vector-valued functions, with values A(t), x(¢), and b(t) given by

A (t) - A(t) w1 (t) b1 (1)
At) = : : , x(t) = : , b(t) = :
Api(t) -+ Ann(?) T () bn(t)

So, A(t) is an n x n matrix for each value of t € R. An example in the case n = 2 is the
matrix-valued function
cos(2mt) —sin(2wt)
Alt) = | :
sin(2wt)  cos(2mt)
The values of this function are rotation matrices on R?, counterclockwise by an angle 2mt.
So the bigger the parameter ¢ the bigger the is rotation. Derivatives of matrix- and vector-

valued functions are computed component-wise, and we use the notation "~ = %; for example
d.’El
M i1 (t)
E(t) = : is denoted as  x(t) = :
dﬂ (t) T (t)
dt

We are now ready to introduce the main definitions.

Definition 9.3.1. A system of first order linear differential equations on n un-
knowns, with n > 1, is the following: Given a real matriz-valued function A : R — R™™,
and a real vector-valued function b : R — R™, find a vector-valued function x : R — R"
solution of

x(t) = A(t) x(t) + b(t). (9.9)
The system in (8.9) is called homogeneous iff b(t) = 0 for all t € R. The system in [(9.9)
is called of constant coefficients iff the matriz- and vector-valued functions are constant,
that is, A(t) = Ag and b(t) = by for all t € R.

The differential equation in ([@.9) is called first order because it contains only first deriva-
tives of the the unknown vector-valued function x; it is called linear because the unknown
x appears linearly in the equation. In this Section we are interested in finding solutions to
an initial value problem involving a constant coefficient, homogeneous differential system.

Definition 9.3.2. An initial value problem (IVP) for an homogeneous constant coeffi-
cients linear differential equation is the following: Given a matrizx A € R™"™ and a vector
xg € R™, find a vector-valued function x : R — R™ solution of the differential equation and
initial condition

x(t) = Ax(t), x(0) = xo.

In this Section we only consider the case where the coefficient matrix A € R™" has a
complete set of eigenvectors, that is, matrix A is diagonalizable. In this case it is possible to
find all solutions of the initial value problem for an homogeneous and constant coefficient
differential equation. These solutions are linear combination of vectors proportional to the
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eigenvectors of matrix A, where the scalars involved in the linear combination depend on
the eigenvalues of matrix A. The explicit form of the solution depends on these eigenvalues
and can be classified in three groups: Non-repeated real eigenvalues, non-repeated complex
eigenvalues, and repeated eigenvalues. We consider in these notes only the first two cases
of non-repeated eigenvalues. In this case, the main result is the following.

Theorem 9.3.3. Assume that matriz A € R™™ has a complete set of eigenvectors denoted as
V ={v1, -+ ,Vn} with corresponding eigenvalues {1, -, A\, }, all different, and fix xg € R™.
Then the initial value problem

x(t) = Ax(t), x(0) = xo, (9.10)
has a unique solution given by
x(t) = eM xo, (9.11)
where
A =pePtpTl, P= [vh e ,vn] , Pt = diag [e’\lt, e 76)‘"75] )

The solution given in Eq. (@IT)) is often written in an equivalent way, as follows:
x(t) =PeP Pt xg = (PeP) (P! xo),

then, introducing the notation

C1
PPt = [Vleht,~~~,vn6)‘"t], c=P1x, c=1|:11,
Cn
we write the solution x(¢) in the form
X(t) = civi M+ vy e Pc=xo.

This latter notation is common in the literature on ordinary differential equations. The
solution x(t) is expressed as a linear combination of the eigenvectors v; of the coefficient
matrix A, where the components are functions of the variable ¢ given by c;e*it, for i =
1,--- ,n. So the eigenvalues and eigenvectors of matrix A are the crucial information to find
the solution x(t) of the initial value problem in Eq. (@32]), as can be seen from the following
calculation: Consider the function

YZ(t) :eAitVia 1= la ) 1.

This function is solution of the differential equation above, since

d
yz<t) = %<e>\qzt) v, = )\ie>\'i,t v; = e)\q',t (Aivi) — eAitAVi = A (e)\itvi) = Ay,L(z‘;)7

hence, y;(t) = Ay;(t). This calculation is the essential part in the proof of Theorem
Proof of Theorem [9.3.3t Since matrix A has a complete set of eigenvectors V), then for
every value of ¢ € R there exist ¢ dependent scalars ¢1(t), - , ¢, (¢) such that

x(t) =c1(t)vi+ -+ cn(t) vp. (9.12)
The t-derivative of the expression above is
x(t) =¢1(t) vy + -+ e (t) va.
Recalling that Av; = A; v;, the action of matrix A in Eq. (@12 is
Ax(t) =c1(t) Avi+ -+ cn(t) Ap V.
The vector x(t) is solution of the differential equation in (@.3.2) iff x(¢) = Ax(¢), that is,
At)vi+ -+ ) v =) A v+ -+ en(t) Ay a,
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which is equivalent to
[Cl(t) — )\1 Cl(t)] \%1 + -4 [Cn(t) — )\n Cn(t)] Vp = 0.

Since the set V is a basis of R", each term above must vanish, that is, for alli =1,--- ,n
holds

Gty =Na(t) = clt) = et
So we have obtained the general solution
x(t) = creMtvy + -+ ety
The initial condition x(0) = x¢ fixes a unique set of constants ¢; as follows
x(0) =e1vi + -+ ¢ vy = Xo,

since the set V is a basis of R™. This expression of the solution can be rewritten as follows:
Using the matrix notation P = [vl, e ,vn]7 we see that the vector c satisfies the equation
P c = xq. Also notice that

PePt = [vy Mt v, eMt]
therefore, the solution x(¢) can be written as
x(t) = (P eDt) (P_lxo) =(P ePt P_l) Xg-
Since €At = PPt P~ we conclude that x(t) = e xo. This establishes the Theorem. O

ExampPLE 9.3.1: (Non-repeated, real eigenvalues) Given the matrix A € R?? and vector
xo € R? below, find the function x : R — R? solution of the initial value problem

x(t) = Ax(t), x(0) = xo,

S

SOLUTION: Recall that matrix A has a complete set of eigenvectors, with

V= {v1 - H Vo = [_11] } (M =4, Ay = -2},

Then, Theorem [9.3.3] says that the general solution of the differential equation above is

where

x(t) =1 My ep ety & x(t) =1 et E] +cge [ﬂ .

The constants ¢; and ¢y are obtained from the initial data xg as follows

o= [+ {==[] = [ -1

The solution of this linear system is

2=l f= 18]

Therefore, the solution x(¢) of the initial value problem above is

x(t) = 5 m e [_11] |
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9.3.1. Non-repeated real eigenvalues. We present a qualitative description of the solu-
tions to Eq. ([@I0) in the particular case of 2 x 2 linear ordinary differential systems with
matrix A having two real and different eigenvalues. The main tool will be the sketch of
phase diagrams, also called phase portraits. The solution at a particular value ¢ is given

by a vector
= 7))

so it can be represented by a point on a plane, while the solution function for all ¢ € R
corresponds to a curve on that plane. In the case that the solution vector x(t) represents a
position function of a particle moving on the plane at the time ¢, the curve given in the phase
diagram is the trajectory of the particle. Arrows are added to this trajectory to indicate
the motion of the particle as time increases.

Since the eigenvalues of the coefficient matrix A are different, Theorem says that
there always exist two linearly independent eigenvectors v, and v, associated with the eigen-
values A; and Ay, respectively. The general solution to the Eq. [@I0) is then given by

x(t) =1 vy Mt 4 ey vy M2

A phase diagram contains several curves associated with several solutions, that correspond
to different values of the free constants ¢; and c,. In the case that the eigenvalues are non-
zero, the phase diagrams can be classified into three main classes according to the relative
signs of the eigenvalues A; # A, of the coefficient matrix A, as follows:

(i) 0 < Ay < Aq, that is, both eigenvalues positive;

(ii) Az < 0 < Ay, that is, one eigenvalue negative and the other positive;
(iii) Ay < A; < 0, that is, both eigenvalues negative.
The study of the cases where one of the eigenvalues vanishes is simpler and is left as an
exercise. We now find the phase diagrams for three examples, one for each of the classes
presented above. These examples summarize the behavior of the solutions to 2 x 2 linear
differential systems with coefficient matrix having two real, different and non-zero eigen-
values Ay < A;. The phase diagrams can be sketched following these steps: First, plot
the eigenvectors v, and v; corresponding to the eigenvalues A, and \;, respectively. Second,
draw the whole lines parallel to these vectors and passing through the origin. These straight
lines correspond to solutions with one of the coefficients ¢; or ¢, vanishing. Arrows on these
lines indicate how the solution changes as the variable ¢ grows. If ¢ is interpreted as time,
the arrows indicate how the solution changes into the future. The arrows point towards the
origin if the corresponding eigenvalue A is negative, and they point away form the origin
if the eigenvalue is positive. Finally, find the non-straight curves correspond to solutions
with both coefficient ¢; and ¢, non-zero. Again, arrows on these curves indicate the how
the solution moves into the future.

EXAMPLE 9.3.2: (Case 0 < Ay < A;.) Sketch the phase diagram of the solutions to the
differential equation

. 111 3
x = Ax, A—4[1 9}. (9.13)
SOLUTION: The characteristic equation for matrix A is given by
2 )\1 = 3a
det(A=XAl) =X =5A+6=0 =
AQ == 2

One can show that the corresponding eigenvectors are given by

<l
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So the general solution to the differential equation above is given by

x(t) = vieMt ey vpet?t & x(t) = E] e+ ¢y [_22] e?t,
In Fig. B8 we have sketched four curves, each representing a solution x(t) corresponding to
a particular choice of the constants ¢; and ¢,. These curves actually represent eight different
solutions, for eight different choices of the constants ¢; and c,, as is described below. The
arrows on these curves represent the change in the solution as the variable ¢ grows. Since
both eigenvalues are positive, the length of the solution vector always increases as t grows.
The straight lines correspond to the following four solutions:

c =1, cy =0, Line on the first quadrant, starting at the origin, parallel to vy;
c; =0, cy =1, Line on the second quadrant, starting at the origin, parallel to v,;
ci=-1, ¢c;=0, Line on the third quadrant, starting at the origin, parallel to —v;;
c; =0, ¢, = —1, Line on the fourth quadrant, starting at the origin, parallel to —v,.
X, /
v ]
:7777 T Vl
e T =
il X

FIGURE 58. The graph of several solutions to Eq. (@I3]) corresponding to
the case 0 < Ay < Ay, for different values of the constants ¢; and c¢,. The
trivial solution x = 0 is called an unstable point.

Finally, the curved lines on each quadrant start at the origin, and they correspond to the
following choices of the constants:

c1 >0, cy >0, Line starting on the second to the first quadrant;
c <0, cy >0, Line starting on the second to the third quadrant;
¢ <0, cy <0, Line starting on the fourth to the third quadrant,
c; >0, cy <0, Line starting on the fourth to the first quadrant.

<

EXAMPLE 9.3.3: (Case Ay < 0 < A;.) Sketch the phase diagram of the solutions to the
differential equation

. 1 3
x = Ax, A= {3 J . (9.14)
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SOLUTION: We known from the calculations performed in Example [9.3.T] that the general
solution to the differential equation above is given by

1 1

where we have introduced the eigenvalues and eigenvectors

1 -1
x(t) = vieMt £ epvet?t e x(t) = ¢ { ] et e, [ ] e,

=4, v, = [1} and Ao =—2, vy = [_1] .
1 1

In Fig. B9 we have sketched four curves, each representing a solution «(t) corresponding to a
particular choice of the constants ¢; and ¢,. These curves actually represent eight different
solutions, for eight different choices of the constants ¢; and c,, as is described below. The
arrows on these curves represent the change in the solution as the variable ¢ grows. The
part of the solution with positive eigenvalue increases exponentially when ¢ grows, while the
part of the solution with negative eigenvalue decreases exponentially when ¢ grows. The
straight lines correspond to the following four solutions:

c =1, cy =0, Line on the first quadrant, starting at the origin, parallel to v;
c =0, cy =1, Line on the second quadrant, ending at the origin, parallel to vs;
cg=-1, ¢ =0, Line on the third quadrant, starting at the origin, parallel to —vy;
c =0, ¢y = —1, Line on the fourth quadrant, ending at the origin, parallel to —vs,.
XZ
1L
v? v?

/?Z;ﬁll 3

FIGURE 59. The graph of several solutions to Eq. (@I4) corresponding to
the case A\, < 0 < Ay, for different values of the constants ¢; and ¢,. The
trivial solution x = 0 is called a saddle point.

Finally, the curved lines on each quadrant correspond to the following choices of the
constants:

c; > 0, cy > 0, Line from the second to the first quadrant,
c <0, cy >0, Line from the second to the third quadrant,
c; <0, ¢ <0, Line from the fourth to the third quadrant,
c; >0, cy <0, Line from the fourth to the first quadrant.
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EXAMPLE 9.3.4: (Case Ay < A\; < 0.) Sketch the phase diagram of the solutions to the
differential equation

. 11-9 3
x = Ax, A= 1 [ 1 _11] . (9.15)
SOLUTION: The characteristic equation for this matrix A is given by
)\1 = _27
det(A—A) =X +51+6=0 = {
)\2 - 73

One can show that the corresponding eigenvectors are given by

|3 -2
Vi = 1] Vo = 9 |-
So the general solution to the differential equation above is given by

x(t) = vieMt 4 e vpe?t o x(t) = ¢ E’] e % 4, [_22] e3¢,

In Fig. [60l we have sketched four curves, each representing a solution (t) corresponding
to a particular choice of the constants ¢; and c;. These curves actually represent eight
different solutions, for eight different choices of the constants ¢; and c,, as is described
below. The arrows on these curves represent the change in the solution as the variable t
grows. Since both eigenvalues are negative, the length of the solution vector always decreases
as t grows and the solution vector always approaches zero. The straight lines correspond to
the following four solutions:

c =1, cy =0, Line on the first quadrant, ending at the origin, parallel to vy;
¢ =0, cy =1, Line on the second quadrant, ending at the origin, parallel to vs;
cg=-1, ¢=0, Line on the third quadrant, ending at the origin, parallel to —v;
c; =0, ¢; = —1, Line on the fourth quadrant, ending at the origin, parallel to —vs,.
XZ
V2 |
N ] vi
o X

FIGURE 60. The graph of several solutions to Eq. (@I5]) corresponding to
the case Ay < A\ < 0, for different values of the constants ¢; and ¢,. The
trivial solution x = 0 is called a stable point.
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Finally, the curved lines on each quadrant start at the origin, and they correspond to the
following choices of the constants:

c >0, cy >0, Line entering the first from the second quadrant;
c <0, cy > 0, Line entering the third from the second quadrant;
c <0, cy <0, Line entering the third from the fourth quadrant,
c1 >0, ¢ <0, Line entering the first from the fourth quadrant.

<

9.3.2. Non-repeated complex eigenvalues. The complex eigenvalues of a real valued
matrix A € R™" are always complex conjugate pairs, as it is shown below.

Lemma 9.3.4. (Conjugate pait's) If a real valued matriz A € R™ has a complex eigen-

value \ with eigenvector v, then A and vV are also an eigenvalue and eigenvector of matriz
A.

Proof of Lemma [9.3.4t Complex conjugate the eigenvalue-eigenvector equation for A and
v and recalling that A = A, we obtain

Av=Av < AvV=)\W

|

Since the complex eigenvalues of a matrix with real coefficients are always complex con-

jugate pairs, there is an even number of complex eigenvalues. Denoting the eigenvalue pair

by A+ and the corresponding eigenvector pair by v, it holds that A\, = A_ and v, =V_.
Hence, an eigenvalue and eigenvector pairs have the form

A =a£iB, vy=adib, (9.16)

where o, 5 € R and a, b € R™. It is simple to obtain two linearly independent solutions to
the differential equation in Eq. ([@.I0) in the case that matrix A has a complex conjugate pair
of eigenvalues and eigenvectors. These solutions can be expressed both as complex-valued
or as real-valued functions.

Theorem 9.3.5. (Conjugate pairs) Let AL = a+1i3 be eigenvalues of a matriz A € R™"
with respective eigenvectors v4 = a+ib, where a, § € R, while a, b € R", andn > 2. Then
a linearly independent set of complex valued solutions to the differential equation in (I10)
is formed by the functions

Xy =vgeM, x_ =v_eMt (9.17)
while a linearly independent set of real valued solutions to Eq. (910) is given by the functions
x; = [a cos(Bt) — b sin(Bt)] e, xz = [a sin(Bt) + b cos(Bt)] e (9.18)

Proof of Theorem [9.3.51 We know from Theorem [0.3.3] that two linearly independent
solutions to Eq. [@1I0) are given by Eq. ([@I7). The new information in Theorem [0.3.5 above
is the real-valued solutions in Eq. (@I8]). They can be obtained from Eq. ([@I7) as follows:

xi = (a £ ib) el@F)?
= e (a % ib) e*Ft
= e (a £ ib) [cos(Bt) £ isin(Bt)]
= e [a cos(t) — b sin(Bt)] £ ie*[a sin(Bt) + b cos(Bt)].
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Since the differential equation in (@.I0) is linear, the functions below are also solutions,

1
X, = §(x+ +x_) = e**[a cos(Bt) — b sin(ft)],
Xy = %(x+ —x_) = e*[a sin(Bt) + b cos(Bt)].
J
This establishes the Theorem. ]

ExAMPLE 9.3.5: Find a real-valued set of fundamental solutions to the differential equation

. 2 3
x = Ax, A= {_3 2} , (9.19)

and then sketch a phase diagram for the solutions of this equation.
SOLUTION: Fist find the eigenvalues of matrix A above,

(2—-X) 3 ‘

_ _9)2 —_ ;
3 @m0V = da=2sa

0=|

We then find the respective eigenvectors. The one corresponding to A is the solution of
the homogeneous linear system with coefficients given by

[2_ (E; ) 2 - (23+ 3@)] - [_?;)Z ‘:’3,@] - [_i lz} - [11 Zz} - [(1) é} '

Therefore the eigenvector vy = {Ul

UJ is given by

—1

1], Ay =2+ 3i.

V] =—ty = vy=1 v=-i = v+:[
The second eigenvectors is the complex conjugate of the eigenvector found above, that is,

v_ = m A =2 3i.

a-[]+[3]

Hence, the real and imaginary parts of the eigenvalues and of the eigenvectors are given by

Notice that

0 [—1
S N )

So a real-valued expression for a fundamental set of solutions is given by

X, = (m cos(3t) — [_01 sin(3t)> 2 = x zg;((g?)} &2t
Xo = (m sin(3t) + [_01] Cos(3t)> e = x, = _—Sicr?(séf)t)} o2t

The phase diagram of these two fundamental solutions is given in Fig. [61] below. There
is also a circle given in that diagram, corresponding to the trajectory of the vectors

% — [sin(?)t)] % — [— cos(3t)} .

cos(3t) sin(3t)

The trajectory of these vectors is a circle since their length is constant equal to one.
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FIGURE 61. The graph of the fundamental solutions x; and x, of the Eq. (@19).

In the particular case that the matrix A in Eq. (@I0) is 2 x 2, then any solutions is a
linear combination of the solutions given in Eq. (@I8]). That is, the general solution of given
by

X(t) = 1 x1 () + 2 xa(t),
where
x1 = [a cos(Bt) — b sin(Bt)] e, x; = [a sin(B3t) + b cos(Bt)] e

We now do a qualitative study of the phase diagrams of the solutions for this case. We first
fix the vectors a and b, and the plot phase diagrams for solutions having o > 0, a = 0,
and a < 0. These diagrams are given in Fig. One can see that for o > 0 the solutions
spiral outward as t increases, and for o < 0 the solutions spiral inwards to the origin as ¢
increases..

X1

FIGURE 62. The graph of the fundamental solutions x; and x, (dashed line)
of the Eq. (@I]) in the case of @ > 0, « =0, and « < 0, respectively.

Finally, let us study the following cases: We fix & > 0 and the vector a, and we plot
the phase diagrams for solutions with two choices of the vector b, as shown in Fig. It
can then bee seen that the relative directions of the vectors a and b determines the rotation
direction of the solutions as ¢ increases.
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FIGURE 63. The graph of the fundamental solutions x; and x, (dashed
line) of the Eq. (@I8) in the case of > 0, for a given vector a and for
two choices of the vector b. The relative positions of the vectors a and b
determines the rotation direction.

293
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.3. Exercises.

9.3.1.- Given the matrix A € R*? and vec-

tor xo € R? below, find the function

x : R — R? solution of the initial value
problem

x(t) = Ax(1),

where

x(0) = xo,

ao[p Y-

9.3.2.- Given the matrix A and the vector
xp in Exercise 9.3[I]above, compute the
operator valued function e** and verify
that the solution x of the initial value
problem given in Exercise 9.3[1] can be
written as

X(t) =e€ X0-

9.3.3.- Given the matrix A € R?%? below,
find all functions x : R — R? solutions
of the differential equation

x(t) = Ax(t),

1 -1
i
Since this matrix has complex eigenval-

ues, express the solutions as linear com-
bination of real vector valued functions.

where

9.3.4.- Given the matrix A € R*>? and vec-
tor xo € R3 below, find the function
x : R — R3 solution of the initial value

problem
x(t) =Ax(t),  x(0) =xo,
where
3 0 1 1
A=10 2 2|, x0= 12
0 0 1 3
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9.4. NORMAL OPERATORS

In this Section we introduce a particular type of linear operators called normal operators,
which are defined on vector spaces having an inner product. Particular cases are Hermitian
operators and unitary operators, which are widely used in physics. Rotations in space are
examples of unitary operators on real vector spaces, while physical observables in quantum
mechanics are examples of Hermitian operators. In this Section we restrict our description
to finite dimensional inner product spaces. These definitions generalize the notions of uni-
tary and Hermitian matrices already introduced in Chapter 2l We first describe the Riesz
Representation Theorem, needed to verify that the notion of adjoint of a linear operator is
well-defined. After reviewing the commutator of two operators we then introduce normal
operators and discuss the particular cases of unitary and Hermitian operators. Finally we
comment on the relations between these notions and the unitary and Hermitian matrices
already introduced in Chapter

The Riesz Representation Theorem is a statement concerning linear functionals on an
inner product space. Given a vector space V over the scalar field F, a linear functional
is a scalar-valued linear function f : V — F, that is, for all &, y € V and all a, b € F holds
flaz+by) = a f(z) + b f(y) € F. An example of a linear functional on R? is the function

X1
R3 3 x= |z2| — f(X) =321 + 222 + 23 € R.
T3

This function can be expressed in terms of the dot product in R? as follows

3
f(x) =u-x, u= |2

The Riesz Representation Theorem says that what we did in this example can be done in the
general case. In an inner product space (V7 {, >) every linear functional f can be expressed
in terms of the inner product.

Theorem 9.4.1. Consider a finite dimensional inner product space (V7 {, >) over the scalar
field F. For every linear functional f : V — F there exists a unique vector uy € V' such that
holds

(o) = (us,0)  WweV.
Proof of Theorem Introduce the set
N={veV : f()=0}CW

This set is the analogous to linear functionals of the null space of linear operators. Since f is
a linear function the set N is a subspace of V. (Proof: Given two elements vy, v, € N and
two scalars a, b € F, holds that f(avy +bvz) = a f(v1)+b f(v2) = 040, so (avy +bvz) € N.)
Introduce the orthogonal complement of N, that is,

Nt ={weV : (wv)=0YveV},

which is also a subspace of V. If N+ = {0}, then N = (Nl)l = ({0})l = V. Since the
null space of f is the whole vector space, the functional f is identically zero, so only for the
choice u; = 0 holds f(v) = (0,v) for all ve V.

In the case that N+ # {0} we now show that this space cannot be very big, in fact it
has dimension one, as the following argument shows. Choose @ € N+ such that f(@) = 1.
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Then notice that for every w € N+ the vector w — f(w)a is trivially in N but it is also in
N, since

f(w— f(w) @) = f(w) — f(w) f(@) = f(w) — f(w) =0.
A vector both in N and N+ must vanish, so w = f(w) @ Then every vector in Nt is

proportional to @, so dim N+ = 1. This information is used to split any vector v € V as
follows v =a @+ « where £ € V and a € F. It is clear that

f(v) = flau+z) =af(u)+ f(@)=af(w)=a

U
However, the function with values g(v) = <W, v> has precisely the same values as f,
U

since for all v € V holds

u u - a . . 1
g(v) = <||ﬁ”2,v> = <H&H2,(au+ m)> = W (u, w) + W (w,z) = a.

Therefore, choosing u; = @/||u/|?, holds that
(o) = (up,0)  VweV.

Since dim N1 = 1, the choice of u; is unique. This establishes the Theorem. g
Given a linear operator defined on an inner product space, a new linear operator can be
defined through an equation involving the inner product.

Proposition 9.4.2. Let T € L(V) be a linear operator on a finite-dimensional inner product
space (V,(,)). There exists one and only one linear operator T* € L(V) such that

(v, T (u)) = (T(v), w)
holds for all vectors u, ve V.

Given any linear operator T on a finite-dimensional inner product space, the operator
T™* whose existence is guaranteed in Proposition is called the adjoint of T.
Proof of Proposition We first establish the following statement: For every vector
u € V there exists a unique vector w € V such that

(T(v), u) = (v, w) Yve V. (9.20)

The proof starts noticing that for a fixed u € V the scalar-valued function f, : V — F
given by f,(v) = (u, T(v)) is a linear functional. Therefore, the Riesz Representation
Theorem implies that there exists a unique vector w € V such that f,(v) = (w, v).
This establishes that for every vector u € V there exists a unique vector w € V such that
Eq. (@20) holds. Now that this statement is proven we can define a map, that we choose
to denote as T* : V — V, given by u — T*(u) = w. We now show that this map T~ is
linear. Indeed, for all u;, up € V and all a, b € F holds

(v, T*(auy + buz)) = (T(v), (aug + dbuz)) YveV,

a(T(v), w) +b(T(v), uz))

a{v, T*(uy)) + b(v, T*(u2))

(v,[a T"(u1) + b T*(wp)]) Vvev,

hence T*(au; + buy) = a T*(uy) + b T*(usz). This establishes the Proposition. O
The next result relates the adjoint of a linear operator with the concept of the adjoint

of a square matrix introduced in Sect. Recall that given a basis in the vector space,

every linear operator has associated a unique square matrix. Let us use the notation [T
and [T*] for the matrices on a given basis of the operators T and T, respectively.
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Proposition 9.4.3. Let (V, (, >) be a finite-dimensional vector space, let V be an orthonor-
mal basis of V', and let [T] be the matriz of the linear operator T € L(V) in the basis V.
Then, the matriz of the adjoint operator T™ in the basis V is given by [T*] = [T]*.

Proposition says that the matrix of the adjoint operator is the adjoint of the matrix
of the operator, however this is true only in the case that the basis used to compute the
respective matrices is orthonormal. If the basis is not orthonormal, the relation between
the matrices [T] and [T*] is more involved.

Proof of Proposition Let V ={ey, -, e,} be an orthonormal basis of V', that is,

0 if i#j,

eir €j) = {1 it i=j.

The components of two arbitrary vectors uw, v € V in the basis V is denoted as follows
u = Zuiei, v:Zviei.
The action of the operator T can also be decomposed in the basis V as follows
T(e;) =Y [Tlijei, [Tl =[T(e)):-
We use the same notation for the adjoint operator, that is,
T*(e;) = > [T"lijei,  [T7]i = [T"(e))-

The adjoint operator is defined such that the equation (v, T*(u)) = (T(v), w) holds for all
u, v € V. This equation can be expressed in terms of components in the basis V' as follows

Z<’Ui€i,7.tj[T )ker) Z@z ei)lker uje;),

ijk ijk
that is,
E viw; [T ki€, ex) E ;[ T ui(er, €5)-
ijk ijk

Since the basis V is orthonormal we obtain the equation
Z ViU [ Z ’UIT
ij ijk
which holds for all vectors u, v € V', so we conclude
* T * il * *
[T7)i; =[T];; < [T]=[T] <« [T7]=I[T]".
This establishes the Proposition. (]

ExXAMPLE 9.4.1: Consider the inner product space ((C3, ) Find the adjoint of the linear
operator T with matrix in the standard basis of C? given by

T1 + 2tx9 + 123 T
[T(x)] = ir1 — a3 , [2] = |x2
Tr1 — To +1x3 €3

SoLUTION: The matrix of this operator in the standard basis of C? is given by
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Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion [0.4.3] implies that

1 2 ) 1 — 1 1 —ix2 + 23
[T =[T]*=1|i 0 —1| =|-2i 0 1| = [T*(x)]=| -2z, — 3
1 -1 7 —1 -1 —1 —ia:l — X9 — il’g

<

Recall now that the commutator of two linear operators T, S € L(V) is the linear operator
[T, S] € L(V) given by

[T, S)(u) = T(S(w) — S(T(w)) YueV.

Two operators T, S € L(V) are said to commute iff their commutator vanishes, that is,
[T, S] = 0. Examples of operators that commute are two rotations on the plane. Examples
of operators that do not commute are two arbitrary rotations in space.

Definition 9.4.4. A linear operator T defined on a finite-dimensional inner product space
(V, {, >) is called a normal operator iff holds [T, T*] = 0, that is, the operator commutes
with its adjoint.

An interesting characterization of normal operators is the following: A linear operator
T on an inner product space is normal iff | T(w)|| = || T (w)|| holds for all u € V. Normal
operators are particularly important because for these operators hold the Spectral Theorem,
which we study in Chapter
Two particular cases of normal operators are often used in physics. A linear operator T'
on an inner product space is called a unitary operator iff T* = T, that is, the adjoint
is the inverse operator. Unitary operators are normal operators, since
T =T T =1 T, T*]=0
= = = : = 0.
TT—1 [ ]
Unitary operators preserve the length of a vector, since
2 1 * 2
[v]” = (v, v) = (v, T"(T(v))) = (v, T"(T(v))) = (T(v), T(v)) = || T(v)]".

Unitary operators defined on a complex inner product space are particularly important in
quantum mechanics. The particular case of unitary operators on a real inner product space
are called orthogonal operators. So, orthogonal operators do not change the length of a
vector. Examples of orthogonal operators are rotations in R3.

A linear operator T on an inner product space is called an Hermitian operator iff
T* = T, that is, the adjoint is the original operator. This definition agrees with the
definition of Hermitian matrices given in Chapter 2

ExXAMPLE 9.4.2: Consider the inner product space (C3, ) and the linear operator T with
matrix in the standard basis of C3 given by

T, — 1T + T3 r1
[T(z)] = i — T3 |, (] = |z
xr1 — T + T3 T3

Show that T is Hermitian.

SOLUTION: We need to compute the adjoint of T. The matrix of this operator in the
standard basis of C? is given by
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Since the standard basis is an orthonormal basis with respect to the dot product, Proposi-
tion [0.4.3] implies that

1 — 1 1 - 1
[T*]=[T)"=|¢ 0 =1 =1« 0 =1|=[T]
1 -1 1 1 -1 1

Therefore, T* = T. <
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9.4.1. Exercises.

9.4.1.- . 9.4.2.- .
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CHAPTER 10. APPENDIX

10.1. REVIEW EXERCISES

Chapter [Tt Linear systems

1.-

Consider the linear system
2z1 + 32 —23 =6
—T1 — T2 + 2x3 = —2
xr1+ 2x3 =2

(a) Use Gauss operations to find the
reduced echelon form of the aug-
mented matrix for this system.

(b) Is this system consistent? If “yes,”
find all the solutions.

Find all the solutions x to the linear sys-
tem Ax = b and express them in vector
form, where

1 -2 -1 1
A= |2 1 8|, b=|2
1 -1 1 1

Consider the matrix and the vector

1 -2 7 0
A=|1 1 1|,b=]1
2 2 2 3

Is the vector b a linear combination of
the column vectors of A?

Let s be a real number, and consider the
system

sty — 2sT2 = —1,

3x1 + 6sx2 = 3.

(a) Determine the values of the param-
eter s for which the system above
has a unique solution.

(b) For all the values of s such that the

system above has a unique solution,
find that solution.

Find the values of k such that the sys-
tem below has no solution; has one so-
lution; has infinitely many solutions;

kx1+x22=1
1+ kxo = 1.

6.-

Find a condition on the components of
vector b such that the system Ax = b is
consistent, where

11 -1 by
A=|[2 0 -6, b= |b
3 1 -7 bs

Find the general solution to the homo-
geneous linear system with coefficient
matrix

1 3 -1 5
A=1|2 1 3 of,
3 2 4 1

and write this general solution in vector
form.

(a) Find a value of the constants h and
k such that the non-homogeneous
linear system below is consistent
and has one free variable.

1+ hxo + 5rg =1,
X — 21‘3 = k,
x1 + 3xs — 3x3 = 5.

(b) Using the value of the constants h
and k found in part (@), find the
general solution to the system given
in part (@).

(a) Find the general solution to the sys-
tem below and write it in vector
form,

T + 222 — x3 = 2,
3x1 4+ Txe — 3x3 =17,
x1 + 4dxo — x3 = 4.

(b) Sketch a graph on R? of the general
solution found in part (@).
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Chapter [2} Matrix algebra

1.-

Consider the vectors

[ L)

and the linear function 7' : R?®> — R?
such that

T(u) = H . T(v) = m .
Find the matrix A = [T(e1), T(e2)] of

the linear transformation, where

e = 1(u —v).

1
61:*(U+V), D)

2
Show your work.

Find the matrix for the linear transfor-
mation T : R? — R? representing a re-
flection on the plane along the vertical
axis followed by a rotation by 6 = 7/3
counterclockwise.

Which of the following matrices below
is equal to (A + B)? for every square
matrices A and B?

(B+A)?,

A% + 2AB + B?,
(A+B)(B+A),
A? + AB + BA + B?,
A(A+B) + (A + B)B.

Find a matrix A solution of the matrix
equation

AB+ 215 = { o 4},

-2 3
where
7 3
o[t 9.
Consider the matrix
5 3 s
A=11 2 -1
2 1 1

Find the value(s) of the constant s such
that the matrix A is invertible.

6.-

Let A be an n X n matrix, D be and
m X m matrix, and C be and m x n ma-
trix. Assume that both A and D are
invertible matrices and denote by A~!,
D! their respective inverse matrices.
Let M be the (n +m) X (n + m) ma-

trix A 0

M= [ ; D} .
Find an m x n matrix X (in terms of any
of the matrices A, D, A™', D%, and C)
such that M is invertible and the inverse
is given by

_ A"l 0
1 —
M= [ X D*l} ‘

Consider the matrix and the vector

1 -2 7 0
A=|1 1 1|,b=]1
2 2 2 3

(a) Does vector b belong to the R(A)?
(b) Does vector b belong to the N(A)?

Consider the matrix
1 2 6 -7
A=1|-2 3 2 0
0o -1 -2 2

Find N(A) and the R(AT).

Consider the matrix

2 1 3
A=1(4 5 7
6 9 12

(a) Find the LU-factorization of A.
(b) Use the LU-factorization above to
find the solutions x; and x> of the

systems Ax = e; and Axy = eg,
where
1 0
€1 = 0 y €2 = 1
0 0

(c) Use the LU-factorization above to
find A"
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Chapter [3} Determinants

1.-

2.-

Find the determinant of the matrices

C[1+d 0 —=3i
A=l g 1o Qi] ’
[0 -1 0 0
0 -2 3 -2
B= 0 0o -1 -3’
2 0 0 1
c_ [cos(9) —sin(0)
© [sin(d)  cos(9) |-

Given matrix A below, find the cofac-
tors matrix C, and explicitly show that
ACT = det(A) I3, where

1 3 -1
A=14 0 1
2 1 3

Given matrix A below, find the coeffi-
cients (A™)13 and (A7')as of the in-
verse matrix A~!, where

5 3 1
A=11 2 -1
2 1 1

Find the change in the area of the par-
allelogram formed by the vectors

] [}

when this parallelogram is transformed
under the following linear transforma-
tion, A : R? — R?,

A:E ﬂ
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Find the volume of the parallelepiped
formed by the vectors

1 3 1
vi= |2, va= (2|, v3= 1
3 1 -1

Consider the matrix
4 2
A= [1 3] .
Find the values of the scalar A\ such that
the matrix (A — Al2) is not invertible.

Prove the following: If there exists an
integer k > 1 such that A € F™" satis-
fies A* = 0, then det(A) = 0.

Assume that matrix A € F™" satisfies
the equation A% = I,,. Find all possible
values of det(A).

Use Cramer’s rule to find the solution
of the linear system Ax = b, where

1 4 -1 1
A=|1 1 1|, b=|0
2 0 3 0
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Chapter [# Vector spaces

1.-

Determine which of the following sub-
sets of R®? are subspaces:

(a) The symmetric matrices.

(b) The skew-symmetric matrices.
¢) The matrices A with A? = A.
(d) The matrices A with tr (A) = 0.
(e) The matrices A with det(A) = 0.

In the case that the set is a subspace,
find a basis of this subspace.

Find the dimension and give a basis of
the subspace W C R? given by

—a+b+c—3d
b+3c—d

witha,b,c,d € ]R}.
a+2b+ 8¢

Find the dimension of both the null
space and the range space of the matrix
1 1 1 5 2
A=12 1 4 7 3
0o -1 2 -3 -1

Consider the matrix

1 -1 5
A=1|0 1 =2
1 3 -3

(a) Find a basis for the null space of A.

(b) Find a basis for the subspace in R?
consisting of all vectors b € R3 such
that the linear system Ax = b is
consistent.

5.-

Show whether the following statement
is true or false: Given a vector space V,
if the set

{vi,va,v3} CV
is linearly independent, then so is the
set

{w1, wa, ws},
where

wi = (v1 + va2),

wo = (v1 + v3),

W3 = (V2 -+ V3).

Show that the set U C P3 given by all
polynomials satisfying the condition

/Olp(x)dxz()

is a subspace of Ps. Find a basis for U.
Determine whether the set U C Py of
all polynomials of the form

p(z) = a + azx + az®

with a € F, is a subspace of Ps.



G. NAGY - LINEAR ALGEBRA Jury 15, 2012 305

Chapter Linear transformations

1.- Consider the matrix
1 2 6 —
A=1|-2 3 2 0
0o -1 =2 2

(1) Find a basis for R(A)

(2) Find a basis for N(A).

(3) Consider the linear transfor-
mation A : R* — R? deter-
mined by A. Is it injective? Is
it surjective? Justify your an-
swers.

7

2.- Let T : R? — R? be the linear transfor-
mation given by

o 2x1 + 6x2 — 223
[T(XS)}S o |:3£C1 + 8x2 + 21'3:| s ’

[X}S = |22,

where S and S are the standard bases

in R® and R?, respectively.

(a) Is T injective? Is T surjective?

(b) Find all solutions of the linear sys-
tem T'(xs) = bs, where

2]

(c) Is the set of all solutions found in
part (B a subspace of R3?

Let A : C2 — C* be the linear transfor-
mation

1 0 )
0 1 1
A= 1—2 0 1474
1 1 0
Find a basis for N(A) and R(A).

Let D : P35 — P3 be the differentiation
operator,
dp
D ==
(n)(@) = L),
and I: P3 — PP3 the identity operator.
Let S = (1, =, 2°, 2%) be the standard
ordered basis of P5. Show that the ma-
trix of the operator
(I- D?) :P3 — P

in the basis S is invertible.
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Chapter Inner product spaces

1.- Let (V,(,)) be a real inner product
space. Show that (zx —y) L (z+ y) iff
[l = |yl

2.- Consider the inner product space given
by (IF", . ) Prove that for every matrix
A € F™" holds

x- (Ay) = (A"%) y.
3.- A matrix A € F™" is called unitary iff
AA" =A"A =1,.
Show that a unitary matrix does not
change the norm of a vector in the in-
ner product space (]F", . ), that is, for all
x € F" and all unitary matrix A € F™"

holds
A = [I]|-

4.- Find all vectors in the inner product
space (]R4, . ) perpendicular to both

1 2
4 9
V=1, and u = 3
1 2

5.- Consider the inner product space given
by ((C3, ) and the subspace W ¢ C3?
spanned by the vectors

1+ -1
u= 1 , v= 0
) 2—1
(a) Use the Gram-Schmidt method to
find an orthonormal basis for W.
(b) Extend the orthonormal basis of W
into an orthonormal basis for C3.
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Chapter [Tt Approximation methods

1.- . 2.- .
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Chapter [8f Normed spaces

1.- . 2.- .
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Chapter Spectral decomposition

1.- . 2.- .
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10.2. PRACTICE ExXAMS

Instructions to use the Practice Exams. The idea of these lecture notes is to help anyone
interested in learning linear algebra. More often than not such person is a college student.
An unfortunate aspect of our education system is that students must pass an exam to prove
they understood the ideas of a given subject. To prepare the student for such exam is the
purpose of the practice exams in this Section.

These practice exams once were actual exams taken by student in previous courses. These
exams can be useful to other students if they are used properly; one way is the following:
Study the course material first, do all the exercises at the end of every Section; do the review
problems in Section [[0.1} then and only then take the first practice exam and do it. Think
of it as an actual exam. Do not look at the notes or any other literature. Do the whole
exam. Watch your time. You have only two hours to do it. After you finish, you can grade
yourself. You have the solutions to the exam at the end of the Chapter. Never, ever look at
the solutions before you finish the exam. If you do it, the practice exam is worthless. Really,
worthless; you will not have the solutions when you do the actual exam. The story does not
finish here. Pay close attention at the exercises you did wrong, if any. Go back to the class
material and do extra problems on those subjects. Review all subjects you think you are
not well prepared. Then take the second practice exam. Follow a similar procedure. Review
the subject related to the practice exam exercises you had difficulties to solve. Then, do the
next practice exam. You have three of them. After doing the last one, you should have a
good idea of what your actual grade in the class should be.
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Practice Exam 1. (Two hours.)

5 3 1
1. Consider the matrix A= [1 2 —1|. Find the coefficients (A=1)3; and (A~1)35 of the
2 1 1

matrix A~!, that is, of the inverse matrix of A. Show your work.

2. (a) Find k € R such that the volume of the parallelepiped formed by the vectors below
is equal to 4, where

1 3 k
V], = 27 Vo = 2, V3 = 1
3 1 1

(b) Set k = 1 and define the matrix A = [vq,vo,v3]. Matrix A determines the linear
transformation A : R® — R3. Is this linear transformation injective (one-to-one)? Is
it surjective (onto)?

3. Determine whether the subset V' C R? is a subspace, where

—a+b
V:{ a—2b| with a,beR}.
a—"Tb

If the set is a subspace, find an orthogonal basis in the inner product space (R?’, )

4. True or False: (Justify your answers.)
(a) If the set of columns of A € F™" is a linearly independent set, then Ax = b has
exactly one solution for every b € F™.
(b) The set of column vectors of an 5 x 7 is never linearly independent.

5. Consider the vector space R? with the standard basis S and let T : R?> — R? be the
linear transformation
1 2
[T]ss B {2 3}55.

Find [T]pp, the matrix of T in the basis B, where B = {[bl]s = [ﬂ ,[b2]s = [_12} }

6. Consider the linear transformations T': R? — R? and §: R3 — R? given by

X T 31’3
1 — T + 23
[7(|= .- | IsCl| 0= p|
T3 s3 * 1k 2 T 52 T3 s3 % 1 s3

where Sz and S, are the standard basis of R? and R?, respectively.

(a) Find a matrix [T]s,s, and the matrix [S]s,s,. Show your work.

(b) Find the matrix of the composition To S : R® — R? in the standard basis, that is,
find [T o S]s,s,-

(¢) Is To S injective (one-to-one)? Is T o S surjective (onto)? Justify your answer.

1 1 2
7. Consider the matrix A= |1 2| and the vector b= |1].
2 1 1
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(a) Find the least-squares solution X to the matrix equation Ax = b.
(b) Verify whether the vector Ax —b belong to the space R(A)+? Justify your answers.

/2 2
(a) Show that matrix A is diagonalizable.
(b) Using that A is diagonalizable, find the lim Ak,

8. Consider the matrix A = [_1/2 _3] .

9. Let (V,(,)) be an inner product space with inner product norm || ||. Let T:V — V be
a linear transformation and x, y € V be vectors satisfying the following conditions:

T(z) =2z T(y) =3y, [=z]|=1/3 Jyll=1 =luy

(a) Compute ||v]| for the vector v =3z — y.
(b) Compute || T(v)|| for the vector v given above.

2 -1 2
10. Consider the matrix A= [0 1 hf.
0 0 2

(a) Find all eigenvalues of matrix A and their corresponding algebraic multiplicities.
(b) Find the value(s) of the real number h such that the matrix A above has a two-
dimensional eigenspace, and find a basis for this eigenspace.
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Practice Exam 2. (Two hours.)

-2 3 -1
1. Consider the matrix A= | 1 2 —1|. Find the coefficients (A71)13 and (A~1)a; of
-2 -1 1

the inverse matrix of A. Show your work.

2. Counsider the vector space P3([0,1]) with the inner product

(p.q) :/0 p(x)q(z) dx.

Given the set U = {p, = 2%, p, = 2°}, find an orthogonal basis for the subspace
U = Span (U ) using the Gram-Schmidt method on the set U starting with the vector p;.

1 3 1 1
3. Consider the matrix A= (2 6 3 0].
3 9 5 -1
3
(a) Verify that the vector v = _14 belongs to the null space of A.
-2

(b) Extend the set {v} into a basis of the null space of A.

4. Use Cramer’s rule to find the solution to the linear system
201 +x9 —x3 =0
T +x3=1
x1 + 229 4+ 3x3 = 0.

5. Let S3 and Sy be standard bases of R® and R?, respectively, and consider the linear
transformation T: R? — R2 given by

[T( il )] —x1 4+ 229 — T3
2 5o r1 + 23 ’
r3] . 82

and introduce the bases & C R? and V C R? given by

1 1 0
U={luleg = (1] lud = [0]  fusly = |1 .
0 1 1
83 83 83

v ={wl.. = H o ele = [_ﬂ }

Find the matrices [T]s,s, and [T]y,,. Show your work.

6. Consider the inner product space (R2’2, (,) F) and the subspace

W= Span{E1 - E) é} By = B _OJ} C R22.

Find a basis for W+, the orthogonal complement of .
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1 2 0

Consider the matrix A = 1 —1| and the vector b= |1].
-2 1 0

(a) Find the least-squares solution X to the matrix equation Ax = b.
(b) Verify that the vector Ax—b, where X is the least-squares solution found in part (7al),
belongs to the space R(A)L, the orthogonal complement of R(A).

. Suppose that a matrix A € R®3 has eigenvalues A\; = 1, Ay = 2, and \3 = 4.

(a) Find the trace of A, find the trace of A2, and find the determinant of A.
(b) Is matrix A invertible? If your answer is “yes”, then prove it and find det(A~1); if
your answer is “no”, then prove it.

7 5
3 =7
(a) Find the eigenvalues and eigenvectors of A.

(b) Compute the matrix e”.

Find the function x : R — R? solution of the initial value problem
%x(t) = Ax(t), x(0) = xo,

where the matrix A = [__152 g] and the vector xg = B] .
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Practice Exam 3. (Two hours.)

1 2 3
1. (a) Find the LU-factorization of the matrix A= |—1 2 2
2 -8 -3
(b) Use the LU-factorization above to find the solution of the linear system Ax = b,
1
where b = | -2].
-1

2. Determine whether the following sets W; and Wy are subspaces of the vector space
Py ([0, 1]) If your answer is “yes,” find a basis of the subspace.

(a) Wy = {p € PQ([O, 1]) : /0 p(m) dr <1 };

(b) Wa ={pePy([0,1]) : /0 zp(zr)de =0 }.

3. Find a basis of R* containing a basis of the null space of matrix

1 2 —4 3
21 1 3
A= 11 -1 2
3 2 0 5

4. Given a matrix A € F™" introduce its characteristic polynomial p4(\) = det(A — A 1,,).
This polynomial has the form ps(A) = ag + a1 A + - -+ + a, A™ for appropriate scalars
ag, -+ ,an. Now introduce a matrix-valued function P, : F™»"™ — F™" as follows

Pi(X)=aglp, + a1 X+ -+ ap X™.

Determine whether the following statement is true or false and justify your answer: If
matrix A € F™" is diagonalizable, then P,(A) = 0. (That is, P4(A) is the zero matrix.)
5. Consider the vector space R? with ordered bases

R e )

Let T:R? — R? be a linear transformation given by
-3 1
Tl= 7] L rel =

(a) Find the matrix Tgs.
(b) Find the matrix T,,.

48

1 2 1
6. Consider the matrix A= |2 —1| and the vector b= [1].
1 1 1

(a) Find the least-squares solution X to the matrix equation Ax = b.
(b) Find the vector on R(A) that is the closest to the vector b in R?.
7. Consider the inner product space ((CS, ) and the subspace W C C3 given by

w=son({]1}),

(a) Find a basis for W=, the orthogonal complement of WW.
(b) Find an orthonormal basis for W+,
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8. (a) Find the eigenvalues and eigenvectors of matrix A = {Z g], and show that A is
diagonalizable.

(b) Knowing that matrix A above is diagonalizable, explicitly find a square root of
matrix A, that is, find a matrix X such that X? = A. How many square roots does

matrix A have?

9. Consider the matrix A = [8 —18

3 =7

(a) Find the eigenvalues and eigenvectors of A.

(b) Compute explicitly the matrix-valued function e?? for ¢ € R.
10. Find the function x : R — R? solution of the initial value problem

d
O =Ax®), x(0) =x,

-7 12

where the matrix A = [_4 -

} and the vector xg = B] .
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10.3. ANSWERS TO EXERCISES

Chapter [I} Linear systems

Section [I.It Row and Column Pictures

TIdl- z=2,y=3.
[A.1l2l- The system is not consistent.

[[1lBl- The nonlinear system has two
solutions,

(z=Vv2,y=V2),
(m =—V2,y= —\/5)
[[Tl4l- The system is inconsistent.

[L.IlBl- Subtract the first equation from
the second. To the resulting equation
subtract the third equation. One gets
0 = 1. The system is inconsistent.

A.1l6l- k= +£2.

Section Gauss-Jordan method

L.200- 21 =1, zo =0, xr3 = 0.
1.202l- x, =3, T2 =1, xr3 = 0.
1. 205k - 1 = 1, To = 0, xr3 = —1.

Section [I.3t Echelon forms

[L3ldl- rank(A) = 2, pivot columns are
the first and fourth.

' 1 = —x4, 2 = 0, x3 = —2x4
and x4 is a free variable.
C38l- z1 = —1+ 2w3, x2 = 2 — 33
and z3 is a free variable.

[[34l- For example:

[[LIU7l- The system is consistent. The
solution is

xr1 = —1, T2 = 1.

@L.118l-

(a) The vectors Ay and As are collinear,
while vector b is not parallel to Ay
and A,.

(b) The system is not consistent.

(c) The system is consistent and the so-
lution is not unique. The solutions
are 1 = 3+ x2/2 and z2 arbitrary.

CIP- h=1.
[LTI0l- As = —A; + 2A;. The system
Aiz1 + A2z + Azzs =0

is consistent with infinitely many solu-
tions given by

T1 =3, T2 = —2T3,

and x3 arbitrary.

124l z, =2, T =4, xr3 = 5.

.T1=—4, 332:—7, $3:—8.
11.2l5.- 1171:1, 1)2:1, $3:1.
11:1, T2 = 4, x3:2.
r1 = 1, 1’222, 123:3.

[315l- Matrix A has a reduced echelon
form Ea with a pivot on every column,
therefore Ep has no row with all coef-
ficients zero. Hence, any system with
such coefficient matrix A is always con-
sistent.
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Section [[L4k Non-homogeneous equations

—2 [—1 5 4
.44k~ = |- — . iti
TAm- x— (1) . _01 . C4Bl- x 02 + 17 x3. Writing
| 0 | 1 the solution as x = y 4 zx3, the solution
ol 3] vectors have end points on line passing
n through the end point of y and the line
LA2- x= g + _12 T3 is tangent to the line parallel to z.
- B 0 3
[L4B8l- Hint: Recall that the matrix- 8 4
vector product is a linear operation. @I4Bl- x = 9 + _5| T4 Writing
—2 -1 1 0 1
TAd- x — 1 . 0 I 0 . the solution as x = y.—&— zZx4, t.he solut?on
0 -1 2 vectors have end points on line passing
0 1 0 through the end point of y and the line
is tangent to the line parallel to z.
Lam-
(a) For k # 3 there exists a unique so-
lution.
(b) If £ = 3 the solutions are
1 0
x=|-1|+ |-3/2]| zs.
0 1
Section Floating-point numbers
1.oH1L- 11.ol2l-
(a) z1 =0, z2 = —1. (a) 21 =0, z2 = 1.
(b) Hint: Modify the coefficients of the (b) 1 =2, 22 =1.
original system so that the approx- (¢) 21 =2, 22 =1.
imate solution is an exact solution (d) z1 =2, z2 = 1.
of the modified system. 2
One answer is: We keep the first (e) m1= 1+10-3’
equation coefficients and we modify 143x10°%
the sources: Lo = ——" "
4 1+10-3
107"y —z2 =1 [B8l- Without partial pivoting:
x1 + xo = —1.

© 1 =1.01, z2=1.03.
c) 1 =1, x9 = —1.

(d) One answer is: We keep the first With partial pivoting:

equation coefficients and we modify z1=1 =z2=1
the sources: Solution in R:
107%2 —22=1+10"" 1=1, za=1.
x1 + x2 = 0.
(e) x1:# wgz_il,
1410-3’ 1+10-3

(f) 1 =0.999, x5 = —0.999.
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Chapter 2k Matrix algebra

Section 2.1k Linear transformations

m' m_ T( x1 )_ 3x1 + x2
(a) T is not linear. x2|/) T |x1 4 3z’
(b) ; %s line?. ZI5L-
(¢) T'is not linear. (a) Rotation by an angle .
DDl x — -1 (b) Expansion by 2.
3| (c) Projection onto z2 axis.
3 _3 (d) Reflection along the line z1 = x2.
s [ [- e a (2]

Section Linear combinations

12.21411- 22151 -
0 00 (a) Hint: Introduce ¢ = j in the skew-
(a) A= 10 0 0]. symmetric matrix component con-
:0 0 0 dition.
1 2 3 (b) Hint: Introduce i = j in the skew-
(b)y A=1{2 5 4f. Hermitian matrix component con-
13 4 6 dition.
1 2+4i 3 (c) Hint: Compute BT .
() A=|2-4 5 ) 4—il [2:2l6l- Hint: Use the properties of the
3 4+1 6 .. .
L adjoint (complex conjugate and trans-
2212l- z=-1/2,y=-6,2=0. pose) operation.
2.213l- Hint: Compute the transpose [2217l- Hint: See the proof of Theo-
of A+ AT. Do the same with A — AT rem 22,8

[2.2141- Hint: Express A = C+ D, with
C symmetric and D skew-symmetric.
Find the expressions of matrices C and
D in terms of matrix A.
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Section Matrix multiplication

[2.3111-
(a) BA, CB not possible,
10 15
AB= |12 8|, C'B=][10 31].
28 52
(b) B? is not possible, and
13 -1 19
A?=116 13 12|,
36 —17 64
1 2 3
c"c=[14], cc"=12 4 6
3 6 9
2.3121-
0 0
@ mel= |
9 26
v asc= [ %]
2.3131-
0 0 1 0 0 0
A’=10 0 of, A*=1]0 0 0O
00 0 0 0 0
n 1 na
Z3E- A" — {0 1].

23l5l- Hint: Expand (A + B)2 and re-
call that AB = BA iff [A, B] = 0.

1 1 1
23l6l- fB=a |1 1 1}, then
1 1 1
I3 B
A=|.........
0 : B

2.3l[7l- Hint: Write down in compo-
nents each side of the equation.

[2-318l- Hint: Express tr (ATA) in com-
ponents, and show that it is the sum of

squares of every component of matrix
A.

2.3191- Hint: Recall that AB is sym-
metric iff (AB)”T = AB.

2.3l10l- Hint: Take the trace on each
side of [A, X] = | and use the properties
of the trace to get a contradiction.
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Section 2.4t Inverse matrix

2.411-
O
-2 3 -10
by A'=|0 -1 3
-1 1 -4

(c) A is not invertible.

242l- k=2or k= —3.

243l
/2 1/2 1/2
(a) A'=1|-1 0 0
-1 0 -1
3/2
(b) x=1]-1

—4
[2:4I4l- Hint: Just write down the com-
mutator of two matrices:
[A,B] = AB — BA,
with B = A"1.

2 4
245l- X=|-1 -2|.
3 3

[246l- Hint: Use that
(AT = ()
[2.47l- Hint: Generalize for matrices
the identity for real numbers,
(1—a)(1+a)=1-d
[2.418l- Hint: Generalize for matrices
the identity for real numbers,
(1-a)(1+a+a*)=1-d"

2.49-

) Hint: Use Theorem 243

(a
(b) Hint: Use Theorem 243
(c) Hint: tr (AB) = tr (BA).

2.4[10l- Hint: Multiply the matrices
using block multiplication.
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Section Null and Range spaces

2.011L-

N(A) =
2] T 27 [-1
1 ol |o
soan({ | 0|51 ;} )
o] [o 1
r11 [
R(A) = Span({ _—12 , [g] Bl
=
N(AT):Span({ —11/2 }),
.
Ty 2 B
w1 g]})
_5 -

2.51381-
(a) The system Ax = b is consistent
since b € R(A), because of
1 1 1
b=|s| =3|2| —2|-1| € R(A).
5 3 2

(b) Since N(A) # {0}, given any solu-
tion x of the system Ax = b, then
another solution is

-2
x=x+c| 1],
0
for any ¢ € R.
2.514].-

(a) A linear system Ax = b is consistent
iff b is a linear combination of the
columns of A iff b € R(A).

(b) Hint: A(x+x) = Ax for every vector
x € N(A).

2.5l5l- Theorem Z43] part (@) says
that A is invertible iff Ea = |, which
is equivalent to say that R(A) = F".
[2.51i61-

N(A) = N(AT) = {0},

R(A) = R(AT) =F".

o
i
i~

(a) No, since Epr # Egr.
(b) Yes, since Ep = Eg.
(c) Yes, since Ea = Eg.
d) No, since Exr # Egr.

)
)
)
(d)
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Section LU-factorization

[2.6ll- A = LU where

[ ey

2.6l21- A = LU where

10 2 1 3
L:L 1]’”2[0 4 1]'

2:613l- A = LU where
0 0

-2 1

1 2 1 2
L=1]2 1 o|l,u=]0 3 1
3 00 1

2.6l4l- Matrix A does not hav an LU-

factorization.

26lBl- T = LU where

0 0

2.6l6l- A = LU where

1
L=|2
3

== O

0
0], U=
1

Then,

12
y = 0 ;X =
—24

—6
B6l7- ¢c=0orc=+V2.

323
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Chapter [3} Determinants

Section 3.1k Definitions and properties

BIUTl- det(A) =8 and det(B) = —8.
BI2l- V=14,
B.131-
det(U) =
det(L) =
BI4l- det(A) = -8.
BIBl- For example:

s fo-fp 1)

On the one hand det(A + B) = 1, while

on the other hand det(A) = det(B) = 0.
.16l -
det(2A) = 2" det(A)
det(—A) = (—1)" det(A)
det(A?) = [det(A)]*.

Bm-
det(B) = det(P~'AP)
= det(P™") det(A) det(P)
1
= Jot(P) det(A) det(P)
= det(A)

Section Applications

(o 1o
- A’lzg -8 4 4.
16 -6 -2

_ _ 19
(A 1)1225’ (A 1)32:_5'

B.28l- det(A) = 10 and det(B) = 0.

- Hint
1 a a? 1 a a?
1 b b=0 (b—a) (2 —a?) |-
1 ¢ 2 0 (c —a)(c—1b)

B118L-
det(A*) = det(A")
— det(A)
= det(A)
B.10L-

det(A"A) = det(A") det(A)

= det(A) det(A)
= |det(A)[* > 0.

B.II0-
det(kA) = |kA1, -+, kA, |
:k"‘Ah--- ,An}
= k" det(A).
BIIT-
det(A) = det(A")
= det(—A)

= (—1)" det(A)
= —det(A) = 2det(A)=0.
Therefore, det(A) = 0.

[B.11121-
1 =det(ln)
= det(ATA)
= det(A") det(A)
= [det(A)]* = det(A) = +1.

BB kA1

1 d
538 - G |

-2
B2[7- x=| 4.
-1
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Chapter [4 Vector Spaces
Section 4.1k Spaces and subspaces

m' - IfSlz{u17-~-,uk} and SQZ
(a) No. {v1,++, w}, then
(b) Yes. Span(S1 U S2) =
(¢) No.
(d) Yes {(arur+---+arug)+(brv1 +---+biv) }
(e) No. for every set of scalars a1, - ,ar € F,
(f) No. bi---,b € F. From the definition of
sum of subspaces we see that this last
4. 1121 subspace can be rewritten as
Yes.
e Span(si U S5) =
(c) No. {arui+- - +arur}+ {brvi+- - +bu}
(d) Yes. = Span(S1) + Span(Ss).
((?; \N(:é M.T1l6l- Find a vector not in Span(Wh).
. w
(g) Yes. Denoting u = |u2 |, we compute
ETBL- The result is W1 +Ws = R3. An U3
example is W7 = Span({el,eg}), and 11w
Ws = Span({es}). Then, 2 0 w| —
Wi+ Wy = Span({el, 62,63}) = RB. 3 1 wus
A1 1o u
1 — [0 =2 uz — 2uy
(a) The line Span({ 2 }) 0 0 wus—us—u
3 Choose any solution of ug —u1 —ug # 0.
1 0 1
(b) The plane Span({ of, |1 }) For example, u= [0[, and
0 0 0
(c) The space R?. W = Span({u}).

Section Linear dependence
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4.2111- [A214l- Hint: Show that the constants

(a) Linearly dependent. c1, ¢z sastisfying

(b) Lisgar%gd'epe?dent.l-(A folur(;ector cr(v+w) + ca(v—w) =0
Zzn:l) 18 atways lneaty ceben are both zero iff the constants é;, é sat-

. . isfyin
Linearly independent. 1syme
(¢) Linearly independen o+ Gaw = 0

4. 2ll2l- are both zero. Once that is proven, and
(a) One possible solution is: since the latter statement is true, so is

1 1 0 the former.

{ 20,11), 12 } 4.21[5l- Linearly dependent.
3 2 3
4.2l16l- Hint: Use the definition. Prove

(b) 11 sets. that there are non-zero constants ci1, ca,
A28l- If S ={0,v1,---, v}, then €3, 4 solutions of

10+ 0v, +--- + 0wy, = O. c1 4 cac+ ez’ +ea(l+ 2 +2%) = 0.
4217l - Linearly independent.
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Section Bases and dimension

[43l0l- Bases are not unique. Here are
possible choices:

-2] [-1
va={] o] | 5[}
0 1

4.3l2l- The dimension is 3.

[4.3131-

(a) dimP, =n+ 1.

(b) dAimF™"™ = mn.

(¢) dim(Sym,,) =n(n+1)/2.

(d) dim(SkewSym,,) =n(n—1)/2.

M3ldl- One example is the following:
Vi = e, Vo = ez, and

w=sw({[]})

4.3IBL- To verify that v € N(A) com-
pute Av and check that the result is 0.
A basis for N(A) containing v is

—81 [-2] [-1
1 1 0
N:{ 30,10 ,—2}
3 0 0
0 0 1

4.3l6l- The set B is a basis of that
subspace.

327
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Section 4.4k Vector components

4.41l-
Vo = |1
.42 -
9
Vy = 2
-3
[4.4131-
2
(a) re=1] 3.
-1
6
(b) rg=|—4|.
-1

444 -

(a) Hint: Prove that Span(M) = R®2
and that M is linearly independent.
For the first part, show that for ev-
ery matrix

B— {Bn

Bi2
Ba

Baa
there exist constants ci, c2, ¢3, ¢4
solution of

c1M1 4+ caM2 + c3M3 4+ caMy = B.

For the second part, choose B = 0
and show that the only constants
c1, c2, c3, c4 solution of

ciM1 4+ c2Ma + csMs + csMy =0

are c1 = cg =c3 =cq4 = 0.
(b)

A=?
2
Using the notation

_|d1 da
Dy = |:d3 d4:| =4

D = diM1 + daMso + dsMs + dsMy
then we get

1[5 1
AM‘§[5 —3]'

1 5 3
M ~M —M3 — =My.
1+2 2+2 3= 5Ma
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Chapter Linear transformations

Section 5.1k Linear transformations

[BEIU0l- The projection A neither injec-
tive nor surjective.

B.312l- The rotation R(0) is both injec-
tive and surjective for 6 € [0, 27).

0. 1N3L-

(a) Linear.
(b) Linear.
(¢) Non-linear.
(d) Linear.
(e) Linear.

[B.1l4l- Hint: Show that
T(ax + by) = aT(x) + bT(y)

for all x,y € F" and all a,b € F.
T is not a linear operator, it is a linear
functional.

Section The inverse transformations

5.2l1l- Hint: Show that T is bijective.
The inverse transformation is

T_l( Y1 ) _ 1 2y1 + Y2
Y2 5 [3y1 —y2|
[B2I2l- Hint: Show that A is bijective.
The inverse transformation is
A_l(bo +bix + bQ.TQ) =

bo o b1 3 by 4

) x” + 6 xr + 1 296 .
[B2138l- Hint: Choose any isomorphism
T :V — W and use the Nullity-Rank
Theorem.

5.2l[4l- Hint: Use the coordinate map
to find an isomorphism between these
spaces.

B.15l- Hint: Show that
A(ap +bg) = aA(p) + bA(q)

for all p,p € P3 and all a,b € F.
A is not injective, but it is surjective.

5.116l- Hint: Recall the definition of a
linearly independent set.

B.IU7l- Hint: Recall the Nullity-Rank
Theorem

B.I18l- Hint: Recall the Nullity-Rank
Theorem

5.215l- Hint: Generalize the proof in
Exercise [5.214

5.2l6l- Hint: Generalize the proof in
Example [£.2.8

5.27l- Hint: Use the ideas given in
Example [£.2.9]

5.2I8l- The basis {¢;, ¢,} is given by

o ([1a]) =

QUESEES
Using row vector notation,
(4] = [-1,3],
[¢2] = [1,-2].
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Section The algebra of linear

BE.31Il-

o mes (7)) =[5]
sony([22]) = o)
o ([2]) =[]

operators

B3Rl dim L(F*) = 16, dim L(P2) = 9,

dim L(F*?) = 36.

Section [5.4k Transformation components

2 0
m‘ Tuu - |:0 3:|
542 -
1 2 =3 1
(a) Tuuw= 3 -2 1 1
0 1 -1

(b) To verify [T(v)]w = TuuVeu One must
compute the left-hand side and the
right-hand side, and check one ob-
tains the same result. For the left-

hand side:
"0
[T(vs)]ls = | O
_71_ s
and
0 [—1]
o| =115
_1 s L 1- u
For the right-hand side:
1
vy = | 1]
0— u

and T,V is given by

2 -3 111 -1
o 1 1] ==
o 1 -1 {of, 1
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B.313L-
()= L)
E.3141.-

z1|\ _ | 21 + 622
p(T)(|:x2:|) - Lm + 11x2} '
B.35l- Hint:

sin?(a) = 1.

5.3l6l- Hint: Use the definition of the
commutator.

Use that cos?(a) +

B.413l- Hint: Recall the definition
Tos = [[T(e1)]s, -~ [T(en)]s]-

IfA=[Ay,---,Ay], thenfori=1,---n
holds [T(e;)]s = Ae; = A;. Therefore,

Tss =A.
0 -1 2 0

BAd- Te=|0 0
0 0 0

19.445L-

00 0 0
010 0
SeD)s=1y o 1 o
00 0 1
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Section Change of basis

1 [—1 -6 -2
(@ he=g |2 3 4,
-5 -3 -1
1 0 -2
lep = -2 -1 0
1 3 1
-3 1
®) x6=1] 0], %= |-2
-3 2
5.5131-
7
(a) xs = {8}

<[4
ek

EBE- b, = [‘23] bas = [_21]

5.5l6l- Hint: Find an invertible matrix
P such that C = P~'AP.

.57
1 —1
Tee=1]0 -1 0],
1 7
1 4 3
Tuw=|-1 -2 -9
1 1 8
B.518l-
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Chapter Inner product spaces
Section The dot product

B.IM- [jull =5, vl =2,
d(u,v) = v/31, 6 = arccos(—1/10).
[6.1121-
=7 5] -7
V13 L3 V13 [-3
1 (1+2
6. 1U3l- u=— .
1/10[2—1}
[6.714l-

z=<z2Z
© g oo

(a) Hint: Choose a particular z.
(b) Hint: Use the properties of the in-

[6.115l- Hint: Expand the expression
) _
I} =yl = (x =) - (x—y).
[6.7161 -
(a) Hint: For every x,y € R"™ holds
Re(x-y) =0 x-y=0.

(b) Hint: For x,y € C™ satisfying Im(x-
y) # 0 holds

Re(x-y) =0 x-y=0.
[E.II7- Hint: Use Problem [6.1151

6.214l- Hint: N(A) = {0} is needed
to show the positivity property of the
inner product.

6.2Bl- k= -3.
B.26l- [|Alr =10, |[B|r = V3.

6.2l7l- Hint: Use properties of the
trace operation.

BE2R- q-— %(3 _ 522).
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Section Orthogonal vectors

6.3l1l- Hint: («): choose particular
values for a, b. Choose b =1, a = (x,y).

[6.312] - xeSpan({ _12 , _(? })
0 1
[6.3131- xeSpan({ :} })
1

6.3l[4l- Hint: Compute all inner prod-
ucts (p;, p;) for 4,7 =0,1,2,3.

Section Orthogonal projections

2 —1
640- x= [2|+| 0
2 1]
6. 4121~
1/2 3/2
(a) Wo = 1 + —2
1/2 5/2]
1 7
1
1 -5

L] 2 1
BAB- x=5| 1| +35 2]
1

6.4Md- R+ =

6. 3H5k-

(a) Show that UTU = I3, where the
columns in U are the basis vectors
inlU.

L[ VB
(b) [X]u=Ux= 7 —_\éﬁ .

6.5M6L-

(a) Hint: Compute all inner products
<Ei, Ej> for i,j = 1, 2, 3,4.

(b) Hint: Use the definition,
[Ali = (M;, A)p.

B3 0=r/2.

-5
1
BIB- Us— — | 4
T Va2 |
16.4115.-
17 [—2
(a) WL_{ i, o }
0 1
] 17 [—1
(b) WLf{ i, |1
0 1
21 [-3
i ! 0
gas- W ={| ;| | o}
0 1
6. 4471~

(a) Hint: Use the definition of the or-
thogonal complement of a subspace.

(b) Hint: Show (X +Y)t c Xt nvy+
using (a). Show the other inclusion,
X+nY+ ¢ (X+Y)* using the def-
inition of orhtogonal complement of
a subspace.

(c) Hint: Use part (b), that is,
(X+V)t=Xtnyt for X = Xt
and Y =Y.
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Section Gram-Schmidt method

1 —2]
6.901L- {f 2
31
6.5121-
o], [3]
(a) { 1, ¢ [0
0 4
HE
(b)x:g 51+
12
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-1

1
7 —01 }
}.

4
K

Section The adjoint operator

6.601L-

4

B]

1

—

2
6.0ol4l-
6.5lok-

6.6lL2l.-

! ; x 711 }
6| 1] V3|_
I I I
21| V6|
1 1y
qof 7q1* 2 1”7
—lf:v+m2}
D) 6 .
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Chapter [Tt Approximation methods
Section [T.1t Best approximation

[Z.1d1- [Z.121-
Section [.2k Least squares

(. 2011~ (. 221~
Section Finite difference method

I~ 7. 312~

Section [(.4t Finite element method

[T 4l- 7. A2

335
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10.4. SOLUTIONS TO PRACTICE EXAMS

Solutions to Practice Exam 1.

5 3 1
1. Consider the matrix A= |1 2 —1|. Find the coefficients (A™')2; and (A™!)32 of the matrix
2 1 1

A~1, that is, of the inverse matrix of A. Show your work.

SOLUTION: The formula for the inverse matrix A~ = CT/ det(A) implies that

-1 C12 -1 CQ
Ao = qawy A )w= W(Z)'

We start computing the det(A), that is,

5 3 1
1 2 —1:52 -1 —31 _1—1-1 2:15—9—3 = det(A) = 3.
1 1 2 1 2 1

2 1 1

Now the cofactors,
_ (a2 |b 1 — (e |2 3] _
Ci2 = (-1) 9 1‘— 3, Cas = (—1) 9 1—1.
Therefore, we conclude that
—1 —1 1
(A )21:_1 ’ (A )32:§ .

2. (a) Find k € R such that the volume of the parallelepiped formed by the vectors below is equal

to 4, where
1 3 k
Vi = 2 ) Vo = 2 s V3 = 1
3 1 1

(b) Set k =1 and define the matrix A = [v1,va,vs]. Matrix A determines the linear transfor-
mation A : R®> — R, Is this linear transformation injective (one-to-one)? Is it surjective
(onto)?

SOLUTION:

(a) The volume of a parallelepiped formed with vectors v1, vz, and vs is the absolute value of
the determinant of a matrix with these vectors as column vectors. In this case that determinant
is given by

2 1
1 1

2 1
3 1

2 2

1
2
3 3 1
The volume of the parallelepiped is V = 4 iff holds

4=4-— 4k = [k=0],
4=—4+4k = |k=2]

(b) If k£ = 1, then det(A) = 0. This implies that the set {vi,vav3} is linearly dependent, so
N(A) # {0}, which implies that A is not injective. This matrix is also not surjective, since
the Nullity-Rank Theorem implies

3=dim N(A) +dim R(A) > 1 +dim R(A) = dimR(A) < 2.
This establishes that R(A) # R3. N

— N W

k
1R R T B Pl B R
1

4=|4—4k =
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3. Determine whether the subset V' C R? is a subspace, where

—a+b
v:{ a—2b|  with a,beR}.
a—"Tb

If the set is a subspace, find an orthogonal basis in the inner product space (R3, . )

SOLUTION: Vectors in V' can be written as follows,

—a+b -1 1
a—2b| = 1| a4+ [-2|0
a—"Tb 1 -7
which implies that
V= Span({w = 1],vo=1|-2 }) = ’ V' is a subspace.
1 -7

A basis for this subspace V is the set {v1,v2} since these vectors are not collinear. This basis
is not orthogonal though, because

V1'V2:—107é0.

We construct and orthogonal basis for V' by projecting vs onto vi. That is, let us find the vector

1 1 3 ~10 -7
Vo, v — 2y, 2 —(’7;0) 1 :%( —6[+|10]) = vh:% 4
[lva —7 1 —21 10 11

Since any non-zero vector proportional vz, is orthogonal to vi, an orthogonal basis for the
subspace V is

-1 -7
HREN

4. True or False: (Justify your answers.)
(a) If the set of columns of A € F"™" is a linearly independent set, then Ax = b has exactly one
solution for every b € F™.
(b) The set of column vectors of an 5 x 7 is never linearly independent.

SOLUTION:

(a) False. The reason why this statement is false lies in the part of the sentence “for every
b € F™”. Do not get confused by the “exactly one solution” part. We now give an example of
a system where the set of coefficient column vectors is linearly independent but the system has
no solution. Take A € R%? and b € R? given by,

1 0 0
A= |0 1], b= 10
0 0 1
In this case Ax = b has no solution.

(b) True. The biggest linearly independent set in R® contains five vectors, so any set
containing seven vectors is linearly dependent. <

5. Consider the vector space R? with the standard basis S and let T : R?> — R? be the linear

transformation
1 2
[T]SS - |:2 3:| e .
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1 1
. Consider the matrix A= |1 2| and the vector b= [1].
2 1
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2

s

Find [T]ss, the matrix of T in the basis B, where B = {[bl]s = B] ,[b2]s = {71] }

SOLUTION: From the change of basis formulas we know that

I N PR L 12 1
[T]p = P71 [T]ssP, P_Ibs_{Q _2}, P _1{2 _J.

Therefore, we obtain

. Consider the linear transformations T : R® — R? and S: R®> — R3 given by

T x o . 55
_ 1— X2 3 _
(e M= [nim ) [s(=] )= [
T3 53 o T3 s3 1 s3

where S3 and Sy are the standard basis of R® and R?, respectively.

(a) Find a matrix [T]s;s, and the matrix [S]s;s,. Show your work.

(b) Find the matrix of the composition T'o § : R®* — R? in the standard basis, that is, find
[To S]syss-

(c) Is T'o S injective (one-to-one)? Is T o S surjective (onto)? Justify your answer.

SOLUTION:
(a) From the definition of the matrix of a linear transformation we get,

0 0 3

1 -1 1
[T}sssg = |:_1 2 1:| s [5]5383 =10 2 0
1 0 O

(b) Recalling the formula [T o S]sysy = [T]sgs5[S]s5s5, We obtain

0 0 3
[To Slsys, = b 0 20 = [To Slsys, = L2 ¥
—1 2 1 10 0 1 4 -3

(c) We now obtain the reduced echelon form of matrix [T o S]s,s, to find out whether this
composition is injective or surjective.

1 -2 3 1 -2 3 1 0 1
[To Slsass = [1 4 73} - {0 6 76] - [o 1 71} '
Since dim N(T'o S) = 3 —rank(T o S) = 1, we conclude that T o S is not injective. Since

dim R(To S) = 2 = dimR? and R(To S) C R?, we conclude that R(T o S) = R? which shows
that To S is surjective.. <

2
1
(a) Find the least-squares solution X to the matrix equation Ax = b.

(b) Verify whether the vector A% — b belong to the space R(A)*? Justify your answers.

SOLUTION:
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(a) We find the normal equation ATA% = ATb for % and we solve it as follows.
1 1
ro 11 2 r [6 5
AA_[1 : J 12| = AA_[5 6].
2 1
1 1 2 2 1
T, _ Ty, _
R -]
1
The normal equation is
6 5], _s[1 o - 1 6 5] 1 _ |,_5 [t
5 6] "1 T (36-25) -5 6 1 TRk
(b) We first compute the vector
1 1 2 2 2 —12
(Ax—b)=[1 2 %m— 1 :% 3 —% 1 —% 4
2 1 1 3 1 4
We conclude that
4 -3
Akx—b)=— | 1
(AX—b) = 1
Now it is simple to verify that (A% —b) € R(A)*, since
-3 1 -3 1
1|-|1| =0, 1|-[2]=0 = |(Ax—b)e R(A)"
1 2 1 1
<
. o [-1/2 -3
. Consider the matrix A = { 1/2 2].

(a) Show that matrix A is diagonalizable.
(b) Using that A is diagonalizable, find the klim AF.

SOLUTION:
(a) We need to compute the eigenvalues and eigenvectors of matrix A. The eigenvalues are
the solutions of the characteristic equation

(—% - )\) -3

: (2-X)

The eigenvector corresponding to A+ = 1 is a non-zero solution of A — l2)v™ = 0. The Gauss
method implies,

3
-5 -3 1 2
2 + _
R I
The eigenvector corresponding to A_

computed as follows,
-3 _ 1 3
3 0 0

[_1

p(A) =

:()\—2)()\—1-%)4-

N o

We then obtain,

-2 =

= v =-3v, =

D=
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WE now know that matrix A is diagonalizable since {v, v~} is linearly independent. Introduc-
ing matrices P and D as follows,

-2 -3 1
=7 el
we conclude that A = PDP~!, that is,
-2 =311 0 1 3
S RV RIS
(b) Knowing that A is diagonalizable it is simple to compute limg—.oo AF. The calculation is
1 0 7
. kg -2 -3 . 1 3
Jim A —klin(}oh 1} [0 (;)] {_1 9
-2 =311 0
1 1110 0
-2 0 1 3 . k_|—2 —6
S O P |

W= O

<

9. Let (V,(,)) be an inner product space with inner product norm || ||. Let T: V — V be a linear
transformation and x, y € V' be vectors satisfying the following conditions:

T(z) =2z T(y =-3y lz=1/3, [yll=1 =zly

(a) Compute ||v|| for the vector v =3z — y.
(b) Compute || T(v)|| for the vector v given above.

SOLUTION:
(a)
[0 * = |13z — y|*
=(Bz—-y),3z—y))
=9l|z” + |ylI* - 3(z, y) — 3(y, 2)
= 9|al|* + [ylI”

:9(%)2“ = [l = v2].

(b) We first compute T(v) = T(3z—y) = 3T(z) — T(y). Recall that T(z) = 2z, T(y) = —3y,
we conclude that T(v) == 6x — 3y. Then, it is simple to see that

| T(v)|* = |62 — 3y]*
= ((6z — 3y), (6= — 3y))
= 36]|2/|* + 9]|y”

:36(%)24—9

=449 = ||T(v)] =V13].

4
2 -1 2

10. Consider the matrix A= [0 1 h]|.
0 0 2

(a) Find all eigenvalues of matrix A and their corresponding algebraic multiplicities.
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(b) Find the value(s) of the real number h such that the matrix A above has a two-dimensional
eigenspace, and find a basis for this eigenspace.

SOLUTION:
(a) Since matrix A is upper triangular, its eigenvalues are the diagonal elements. Denoting
by X the eigenvalues and r their corresponding algebraic multiplicities we obtain,

)\1:2, 7"1:2, and )\2:1, 7"221.

(b) Since the eigenvalue A2 = 1 has algebraic multiplicity r2 = 1, this eigenvalue cannot have
a two-dimensional eigenspace, since dimFy, < r2 = 1. The only candidate is the eigenspace
E), . Let us compute the non-zero elements in this eigenspace,

0 -1 2 0o 1 =2
A-2l3=|0 -1 h|—1]0 0 h—-2
0o 0 0 0 0 0

We look for the value of h such that the eigenspace E», is two-dimensional, which means that
the reduced echelon form associated with the matrix above has rank equal to one. This means
that this matrix has only one pivot, which in turns is a condition on h. The condition is

h=2].

In this case, the eigenspace is given by the solutions of the homogeneous linear system with the
coefficient matrix

0 1 -2 - 1 0
0 0 O é{ f = x= (0] z2+ |—2]| x3
00 o0 x1,x3 free. 0 1
Therefore, a basis for Ey, is given by
1 0
{lo] 12}
0 1
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Solutions to Practice Exam 2.

—2

1. Consider the matrix A = | 1

-2

3 -1
2 -1
-1 1

inverse matrix of A. Show your work.

, 2012

. Find the coefficients (A™")13 and (A™')2; of the

SoLuTION: The formula for the inverse matrix A~! = CT/det(A) implies that

We start computing the det(A), that is,

-2
1
-2

which gives us the result det(A)

031 _ (71)(3+1)

3
2
-1

-1
-1
1

Therefore, we conclude that

Given the set Y = {p, = z2, Py = x3}, find an orthogonal basis for the subspace U = Span (I/l)

_ Cs 1 Ciz
A 1 = A - .
( )13 det(A) ( )21 det(A)
2 -1 1 -1 1 2
_*2'—1 1‘*3‘—2 1’ ‘—2 1
= —2. Now the cofactors,
3 -1 _ (a1
2 —1‘ =L Cu=(D —2
-1 1 -1 1
(A )1325 ) (A )12:_5 )

. Consider the vector space P3([0,1]) with the inner product

(p,q) :/0 p(z)q(x) dx.

using the Gram-Schmidt method on the set U starting with the vector p;.

SOLUTION: We call the orthogonal basis {¢;, g,}. Stating with vector p; means g, = p,, hence

q,(z)

The vector g, is found with the formula

2
x

(91, P2)

LR g ™

We need to compute the scalars

1 501
2 4 T
ol = [ ot =
0 0

1
(a1, ps) :/ a® dx
0

Therefore, we conclude that

. Consider the matrix A =

W N =
NoRNe)NGV]

=

=

Ot W =
o

lau)? = =
q; 5

(@1, P2)

6
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3

(a) Verify that the vector v = _14 belongs to the null space of A.

—2
(b) Extend the set {v} into a basis of the null space of A.

SOLUTION:
(a) The vector v belongs to N(A), since

131 1 i’ 34+3-4-2 0
Av=12 6 3 0| | ,|=|6+6-12+0/=]0| = [Av=0].
39 5 —1] || [9+9-20+2[ |0

(b) We first need to find a basis for the N(A). So we find all solutions to the homogeneous

equation Ax = 0. We perform Gauss operations on matrix A;

1 3 1 1 1 3 0 3 o (@1 =32 — 32,
A—|0 0 1 -2 —=1]0 0 1 -2 { _ 5
00 2 —4 000 0 T3 = s
Therefore, the solution x has the form
—3] -3 -3 -3
1 0 1 0 . .
x=| gle2t]| |2 = Z/lz{ ol | 2 }1saba51sofN(A).
0 | 1 0 1
The following calculations is useful to find a basis of N(A) containing v:
(3 -3 -3 1 -1 -1 1 -1 -1
1 1 0 _ 1 1 0 _ 0 2 1
-4 0 2 —4 0 2 0 —4 2
2 0 1 2 0 1 0 -2 3

From the last matrix we know that the pivot columns are the first and second columns. That

says that the set N below form a basis to the N(A), where

31 [-3
M=l o]
2 0

This set includes vector v.

4. Use Cramer’s rule to find the solution to the linear system
2¢1 +x2 —2x3 =0
r1+x3 =1

x1 + 229 + 3x3 = 0.

SOLUTION: If we write this system in the form Ax = b, then
2 1 -1 0

A=[1 0 1], b=|1

1 2 3 0
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Following Cramer’s rule, the components of the solution vector x = [z;], for ¢ = 1,2, 3, are given
by z; = det(A;)/ det(A). Since

2 1 -1
det(A) =1 0 1|=-3-1)—2(2+1) = det(A)=-8,
1 2 3
we obtain,
2 1 -1
1 —-(3+4+2) 5
r1=-——11 0 1= = T = —;
S (=8) 8
2 1 -1
1 (6+1) 7
ro = —— 1 0 1= = To = ——;
(7 ) 1 2 (78) 8
2 1 -1
1 —(4-1) 3
r3=-——11 0 1| = = r3 = —
(_8) 1 2 3 (_8) 8
We conclude that
1 5
vV = g -7
3

<

5. Let S3 and Sz be standard bases of R® and R?, respectively, and consider the linear transfor-
mation T :R3> — R? given by

(2| )], [
T2 sy 1+ 23 52’

and introduce the bases U C R® and V C R? given by

1 1 0

U= {lul.s = ol = (0] sl = |1 2

S3 S3 S3

v ={il., = [ﬂ > valoa = rﬂ 32}'

s2

Find the matrices [T]s;s, and [T]uw. Show your work.

SOLUTION: Matrix [T]sys, = [T(e1)]ss, T(e2)]s,, T(e3)]s,], that is,

-1 2 -1
[T]S:ssz - |: 1 0 1:| .
The matrix [T]ww can be computed with the change of basis formula

[T]uv = Q_I[T]Ssszp

where the change of basis matrices Q and P are given by

1 1 0

1 -3 _ 12 -2

Q:IUSZ:[Q 2] = lelsw:g[g 1}, P=lys,= |1 0 1
0 1 1
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Therefore, the matrix [T]4. is given by
[2 _2] [_1 2 _1} Lo
3 1 1 0 1 01 1

E ﬂ E B ﬂ = [T}M:Hj 2 _51]

[T)uo =

| =

| =

6. Consider the inner product space (R2’2, (, )F) and the subspace

W= Span{El - {(1) (ﬂ  Ep = {(1) _01}} c R22,

Find a basis for W, the orthogonal complement of W.

SOLUTION: We first find the whole subspace W= and afterwards we find a basis. The matrix
X € W+ iff (E1,X)r = 0 and (E2,X)r = 0. If we denote

Ti1  Z12
X= ,
T21  T22

then the equations above have the form

0=(E1,X)F 0= (E2,X)F
_ 0 1| [z11 12 _ 1 0| |z11 @12
=t ([1 0] |:ZC21 :822:|) =t ([O 71:| |::C21 ng})
= x21 + T12; = T11 — T22.

We can express the solutions in the following way,
11 = T22, T21 = —X12.
Then, a general element X € W has the form
X — [ T22 1'12:| _ {1 0] o { 0 1} 1
—T12 X292 0 1 -1 0

for arbitrary scalars x22, 12. So a basis of W is given by

{lo 15 ot}

<
1 2 0
7. Consider the matrix A= | 1 —1| and the vector b= |1].
-2 1 0

(a) Find the least-squares solution X to the matrix equation Ax = b.
(b) Verify that the vector Ax — b, where X is the least-squares solution found in part (7al),
belongs to the space R(A)", the orthogonal complement of R(A).

SOLUTION:
(a) We first compute the normal equation AT A% = ATb. The coefficient matrix is

12
11 =2 o6 -1].
A A_[Q -1 1} _12 11 _[—1 6}’
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while the source vector is

0
. 11 =2 1
Ab*{2 ~1 1} (1)[1}'

Therefore, the least-squares solution X is obtained as follows,

5 AE-L) - B3R A0 - [0

(b) We first compute the vector (Ax — b), which is given by

1 2 0 [—1 0 -1
1 1 1
(Ai-b)=| 1 -1 :?{_11]_ =tlz2|-|1| = ;x-bn=1]s
-2 1 10 |—3 0 |—3
It is simple to see that
1 -1 2 -1
11-]1-5{=-1-54+6=01, —1f{- -5 =—-24+5-3=0].
-2 -3 1 -3

8. Suppose that a matrix A € R*® has eigenvalues Ay = 1, Ao = 2, and A3 = 4.
(a) Find the trace of A, find the trace of A%, and find the determinant of A.
(b) Is matrix A invertible? If your answer is “yes”, then prove it and find det(A™1); if your
answer is “no”, then prove it.

SOLUTION: Since Matrix A is 3 x 3 and has three different eigenvalues, then A is diagonalizable.
Therefore, there exists an invertible matrix P such that A = PDp™*', where D = diag|[1, 2, 4].

(a)
tr(A)=tr (PDP™') =tr (P"'PD)=tr (D) =1+2+4 = |[tr(A)=T7]|
tr (A?) =tr (PD*P™!) =tr (P"'PD?*) =tr(D*) =1+4+16 = |[tr(A®)=21]|.

det(A) = det(PD Pfl) = det(P™") det(D) det(P) = det(D) det(P) = det(D).

b
det(P)
Since det(D) = (1)(2)(4), we conclude that

det(A) = 8].

(b) Since matrix A has non-zero determinant, then it is invertible. We also know that
det(A™") = 1/det(A), therefore

det(Afl) = é .

7T 5

3 -7

(a) Find the eigenvalues and eigenvectors of A.
(b) Compute the matrix e*.

9. Consider the matrix A = {

SOLUTION:
(a) The eigenvalues are the roots of the characteristic polynomial,
(7T=X) 5

p()\):’ 5 (=7 %) =A=T)(\+7)—15= )" —64.
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Therefore, the eigenvalues are

=8|, A =-38]

The corresponding eigenvectors are the following: For Ay = 8 we obtain,

A—8|2:{_1 5]—>{1 _5} = o =501 = v+:{5]

3 -15 0 0 1
For A\_ = —8 we obtain
15 5 3 1 _ _ _ 1
N I I e

(b) Since A=PDP~!, then e* = PP~} where

- 2] - gl

Therefore, it is simple to compute

S R ) -
|

4 10] | a_[7 5
6 —14 €=

1
2

1
2

. Find the function x : R — R? solution of the initial value problem

d
Ix(t) = Ax(t),  x(0) =xo,
-5 2

where the matrix A = {_12 5

} and the vector xg = [ﬂ .

SOLUTION: We first need to compute the eigenvalues and eigenvectors of matrix A. The eigen-
values are the roots of the characteristic polynomial,

(—5-A) 2
PV=1" Z1p 5o

Therefore, the eigenvalues are

=A+5)(A=5)+24=x"—1.

y=1],  [r=-1]

The corresponding eigenvectors are the following: For Ay = 1 we obtain,

|6 2 -3 1 + 4 + |1
A Iz—{_l2 ZJH{O 0} = 3v] =vy, = |V =

For A\_ = —1 we obtain

A+ 42 2 iy s =]
= e d = =
>Tl12 6 0 0 T VT2
Since the general solution to the differential equation above is

x(t) = covieMt 4 e ver

x(t) = cx M e +c H et

we conclude that
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The initial condition implies that

m — o = x(0) = ¢4 B] b ﬂ .

We need to solve the linear system

b o =0 =

C+
CcC_

|

el

So the solution to the initial value problem above is

]

x(t)

|

1
3

¢

1
2
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Solutions to Practice Exam 3.

1 2 3
1. (a) Find the LU-factorization of the matrix A= [-1 2 2
2 -8 -3
(b) Use the LU-factorization above to find the solution of the linear system Ax = b, where
1
b=|-2{.
-1

SOLUTION:
(a) We use Gauss operations to transform matrix A into upper triangular, as follows,

1 2 3 1 2 3 1 2 3
A=1|-1 2 21— |0 4 5| —|10 4 2| =U].
2 -8 =3 0 —-12 -9 0 0 6

The factors used to construct matrix U define the lower triangular matrix L as follows,

1 0 O
L=|-1 1 0
2 -3 1

(b) We find the solution x of Ax = b using the LU-factorization A = LU as follows:

Ly=b
LUx=b & { ’
Ux =vy.
We first find vector y using forward substitution,
1 0 O] |n 1 1]
-1 1 0 y2| = | —2 = y= (-1
2 =3 1| |ys -1 —6]
We now solve for vector x using back substitution,
1 2 3| [z 1 2
0 4 5 |z2| = |—-1 = |x=1|1
0 0 6] [x3 —6 -1

<

2. Determine whether the following sets Wi and W5 are subspaces of the vector space P ([0, 1])
If your answer is “yes,” find a basis of the subspace.

(a) Wi ={peP([0,1]) : /0 plz)dz <1}
(b) Wa ={pePy([0,1]) : /0 zp(x)de =0 }.

SOLUTION:

1
(a) W1 is not a subspace. Take any element p € Wi satisfying / p(x)dx < —1. Multiply
0

1
that element by (—1). The result is not in W1, since / —p(z)dz > 1.

0
(b) W5 is a subspace. Proof: given two elements p € Wa, q € Wa, that is,

1 1
/ zp(x)dr =0, / z q(z) dz =0,
0 0
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then an arbitrary linear combination (ap + bq) also belongs to Wa, since

/le(ap(m)+bq(:r))dx:a/ola:p(x)dﬂc+b/olxq(x)dx:0.

. Find a basis of R* containing a basis of the null space of matrix

1 2 —4 3
2 1 1 3
A= 11 -1 2
3 2 0 5

SoLuTION: We first find a basis of N(A) using the Gauss method,

1 2 —4 3 1 2 -4 3 1 2 —4 3 1 0 2 1
2113_}0—39—3_}01—31_}01—31
11 -1 2 0 -1 3 -1 0 0 0 O 0 0 0 O
3 2 0 5 0 -4 12 -4 0 0 0 O 0O 0 0 O
Therefore, a vector x = [z;] € R* belongs to N(A) iff
—2 -1
T1 = —2T3 — T4, 3 —1
To = 313 — X4, = x= 1 T3+ 0 T4,
0 1
so a basis for N(A) is the set
—2 -1
3 -1
v={ 1] o)k
0 1

Now we can find a basis of R* containing A as follows. We start with any basis of R*, say the
standard basis, and we construct a matrix, B as follows:

-2 -1 1 0 0 O

B — 3 -1 0 1 0 0
1 0 0 0 1 0

0 1 0 0 0 1

We then transform B into reduced echelon form using Gauss operations. The pivot positions
indicate the vectors forming a linearly independent set:

-2 -1 1 0 0 O 1 0O 0 0 1 O 1 0 0 O 1 0
3 -1 0 1 0 O 0 1 0 0 0 1 01 0 O 0 1
1 0 00 10 |-2 -1 1000 o010 2 1
0 1 0 0 0 1 3 -1 0 1 0 O 0 0 0 1 -3 1
Therefore, a basis of R* containing A is the following,
—2 -1 1 0
3 -1 0 1
{ 1171 0] 10|’ 0}
0 1 0 0
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4. Given a matrix A € F™", introduce its characteristic polynomial pa()\) = det(A — X1,). This
polynomial has the form pa(A\) = ag+a1A+---+ap, A" for appropriate scalars ag, - - , an. Now
introduce a matrix-valued function P4 : F™" — F™"™ as follows

Pa(X) =aoln + a1X+ -+ anX".

Determine whether the following statement is true or false and justify your answer: If matrix
A € F™" is diagonalizable, then P4(A) = 0. (That is, P4(A) is the zero matrix.)

SOLUTION: We start with a comment: P4 (X) # det(A —XI). Notice that the left-hand side is a
matrix while the right hand side is a scalar. So an argument saying that the statement is true
because det(A — A) = 0 is wrong. Once again, Pa(A) € F™™ and det(A —A) =0 € F.

Having clarified that, let us start saying that matrix A is diagonalizable, that is, there exists
an invertible matrix P and a diagonal matrix D = diag[A1,- -, \n] such that A = PD Pt
where A1, - -+, A\, are eigenvalues of matrix A. Therefore,

Pa(A)=P4(PDP")
=aPP ' 4+aPDP '+ .- 4a,PD"P!
=P(aolyaiD + -+ +a, D")P"

= Pdiag[pA(Al),"' 7PA()WL)] Pt

Since A1, - -+, An are eigenvalues of matrix A, we get that
pa(A1) =0, -+, pa(An) = 0.
We then conclude that P4(A) = 0. So the statement is true. <

5. Consider the vector space R? with ordered bases
1 0 2 1
§= (e“ - [OL’G% - H) U= (“15 - HS’”?S - M)

Let T:R? — R? be a linear transformation given by
-3 1
el =[7] e = 3] -

s

(a) Find the matrix Tss.
(b) Find the matrix Ty,.

SOLUTION:
(a) From the data of the problem we get matrix

-3 1
re=[ 1.
We compute matrix Tss with the change of basis formula

Tss :Q_lTusP7 P:|3u7 QI |ss~
From the data of the problem we get

2 1 172 -1

-3 112 -1 1{-7 5

(b) We compute matrix T, with the change of basis formula

Therefore,

A1 . . 121
Tuu - Q Tu5P7 P= |uu7 Q - |u5 - [1 2:| .
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112 -1][|-3 1

73

Wl

1 2 1
6. Consider the matrix A= |2 —1| and the vector b= [1].
1 1 1

(a) Find the least-squares solution X to the matrix equation Ax = b.
(b) Find the vector on R(A) that is the closest to the vector b in R3.

SOLUTION:

(a) We first compute the normal equation ATAx = ATb. The coefficient matrix is

ATA — [1 2 1}

,_.
L
_

2 -1 1

— N
—

rm
—
S =
—_

while the source vector is

1 o
o [1 2 1 [4
Ab_{Q ~1 1}} '

[\V]

Therefore, the least-squares solution X is obtained as follows,

Bl _ 16 —1)[4 |, 2 [U
&2 35 |-1 6 T35 4]

>~

¢ Bl

(b) The vector in R(A) that is the closest to b is the vector b, = AX, that is,

[\

1 2 19
1 1 15

We now check if the above result is true. If b, is correct, then (b —b,) € R(A)J‘. Let us verify
this last condition: We first compute the vector (b — b,), which is given by

1 35 38 1 -3
(b—b.‘):35( 35| — 36) = (b—b) =g |1
35 30 5
It is simple to see that
1 -3 2 -3
2l - |-1| =-3-24+5=0, 1| - |-1| =-6+1+5=0.
1 5 1 5

. Consider the inner product space ((CS, ) and the subspace W C C? given by

w=span({ |1 }).

(a) Find a basis for W, the orthogonal complement of W.
(b) Find an orthonormal basis for W*.
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SOLUTION:
(a) The vector w € W iff holds

7 w1 w1
0= (1| |wa| = [7Z' 1 7i] - fwe | = —tw1 + we — w3 = w1, = —iwse — W3.
1 ws ws
Therefore,
—1 -1
w= | 1|ws+ | 0| ws.
0 1

A basis for W is the set U given by

M={u1: (1) , Uy = (1) }

(b) The basis above is not orthonormal, since

—i -1 -1
If-10|=[ 1 0| 0=-iz0.
0] 1 1
We use the Gram-Schmidt method to find an orthonormal basis,
u u hi-uz,
21 = Uz — 1
[Jus ]l
We already computed u; - uz = —i, while we also need
—1 —1 —1
JuP=] 1|-|1|=[ 1 0] 1|=2
0
Then,
-1 N[ -2 1 -1
- 1 1
uz = | 0 —(22) 1 :5( o+ z) = wa =g | i
1 0 2 0 2

It is simple to see that an orthonormal basis of W+ is given by

1| 1| 7!
V:{vlzﬁ (l),vz:% ;}

<

(a) Find the eigenvalues and eigenvectors of matrix A = [5 4}, and show that A is diago-

4 5
nalizable.

(b) Knowing that matrix A above is diagonalizable, explicitly find a square root of matrix A,
that is, find a matrix X such that X?> = A. How many square roots does matrix A have?

SOLUTION:
(a) The eigenvalues are the roots of the characteristic polynomial,
_1(5=N) 4 I S
p(A) = 4 G-N|~ (A—5) 16 = A° — 10X +09.
Therefore, the eigenvalues are computed by the well-known formula
1 1 )\+ = 9,
)\i:5(101\/100—36):5(101\/64):5:|:4 = | —
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The corresponding eigenvectors are the following: For A = 9 we obtain,

L[4 a4 1 -1 . N
A 9|2—{4 74]4{0 0} = v =v; = |v 7{

For A\_ = 1 we obtain

T | D L | I _ 1
2714 4 7o o O A

Introducing the matrices

1o 9 0 4111
Sl R BT O L S PR

it is simple to see that A is diagonalizable, that is,

A 1 =119 of1]1 1
1 1] 0 1] 2|-1 1
(b) Since matrix X satisfies that X = A = PDP ™!, matrix X? is diagonalizable, sharing the
eigenvectors and eigenvalues with matrix A, that is,

X?=PpP [g (1)] P,

We also know that a matrix X and its squared X2 share their eigenvectors with the eigenvalues
of the latter being the squares of the eigenvalues of the former, that is,

X11 0
0  Xo2

The equation above says that there are four square-roots of matrix A. These matrices are the

following,
X; =P B ﬂ P, [Xo=P {_03 ﬂ P!

X=P [ ] P!, with =z =43, Xo==+1.

X3 =P {3 0} p-!

o3 0],4
0 1 x4_|>{O ]P :

-1

8 -—18

3 =7

(a) Find the eigenvalues and eigenvectors of A.

(b) Compute explicitly the matrix-valued function e** for ¢t € R.

. Consider the matrix A = {

SOLUTION:
(a) The eigenvalues are the roots of the characteristic polynomial,

N [CEPYRS T
V=137 Crow

Therefore, the eigenvalues are computed by the well-known formula

’:()\+7)(/\—8)+54:/\2—)\—2.

)‘+:2a

Ax = A= —1.

(1j:\/1+8):%(1i3) =

N | —

The corresponding eigenvectors are the following: For Ay = 2 we obtain,

A—-2I = [6 _18} — {1 _3} = o =3v; = |vi= {3]

3 -9 0 0
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For A\_ = —1 we obtain
9 -—18 1 -2 _ _ _ 2
A+|2—|:3 76}_){0 0} = v =20, = v 7[1}

(b) Since matrix A is diagonalizable, we know that

At _ _ Dtp-—1 13 2 12 0
e =pe P77, where P_L 1], D_[O 71],

that is,

. Find the function x : R — R? solution of the initial value problem
%x(t) = Ax(t), x(0) = xo,

-7 12

where the matrix A = {74 .

} and the vector xo = [ﬂ .

SOLUTION: We first need to compute the eigenvalues and eigenvectors of matrix A. The eigen-
values are the roots of the characteristic polynomial,

== 12

Therefore, the eigenvalues are

=A+T)A-T7)+48=)"—1.

=1],  [r=-1]

The corresponding eigenvectors are the following: For Ay = 1 we obtain,

A—lzz{*s 12}4[2 *3] = 0 =35 = v*:ﬂ

-4 6 0 0 2

For A\_ = —1 we obtain
-6 12 1 -2 _ _ _ 2
A+I2_{74 8} {0 0} = v =2v, = |v —[1}

Since the general solution to the differential equation above is

x(t) = cyvieM fevoet !

x(t) = ey B} e +eo m et

The initial condition implies that

sy ec [ e 7.

We need to solve the linear system

L A R S [ R A R

So the solution to the initial value problem above is

we conclude that
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